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889 A New Dawn for Science in Africa 
Roy Maartens and George Ellis 
>> Science Podcast 


NEWS OF THE WEEK 
896 Aroundup of the week’s top stories 


NEWS & ANALYSIS 


899 Panel Says NSF Should Shutter 
Six U.S. Instruments 


900 Dinosaur Kingpin Opens Fossil Bonanza 
to Science 


902 New Method Puts Elusive Indo-European 
Homeland in Anatolia 
>> Report p. 957 


903 Calling All Baby Boomers: 
Get Your Hepatitis C Test 


NEWS FOCUS 


904 ‘The Great Guppy Experiment 
Eco-Evo Effects Up and Down the Food Chain 
>> Science Podcast 


909 Economic Crisis Forces Spanish 
Archaeology to Rethink Its Roots 


LETTERS 


910 | Personalized Medicine: Temper Expectations 
D. W. Nebert and G. Zhang 


Response 
R. Drmanac 


Response 
L. R. Brunham and M. R. Hayden 


911 CORRECTIONS AND CLARIFICATIONS 


COVER 


BOOKS ET AL. 


912  Rereading the Fossil Record 

D. Sepkoski, reviewed by J. Beatty 
913 Bird Sense 

T. Birkhead, reviewed by H. S. Young 


POLICY FORUM 


914 Water Security: Research Challenges 
and Opportunities 
K. Bakker 


PERSPECTIVES 


916 Probing Black Hole Gravity 
J. C McKinney 
>> Report p. 949 

917. ALong View on Climate Sensitivity 
L. Skinner 

919 How to Read the Chromatin Past 
V. Pirrotta 
>> Report p. 971 

921 Retaining the Nano in 
Nanocrystalline Alloys 
J. R. Weertman 
>> Report p. 951 

922 The Unusual Case of Porcupine 
L. Lum and H. Clevers 


924 Walking on Solid Ground 
B. F. Dickey 
>> Research Article p. 937 


925 Glycosylation to Adapt to Stress 
K. R. Mattaini and M. G. Vander Heiden 
>> Report p. 975 


CONTENTS continued >> 


Artist's rendering of the airway epithelial cell surface in human lungs. 
The airway surface is lined by arrays of cylindrical cilia (shown as yellow 
projections) that are 7 micrometers long and 200 nanometers in 
diameter. The cilia and airway surface are covered by tethered 
biomacromolecules (shown as green hairs) that form dense, brushlike 
structures. These epithelial brushes protect the airways from infectious 
agents and ensure efficient flow of mucus from healthy lungs. See page 
937. For the story behind the cover, go to http://scim.ag/cov6097. 


Image: Yan Liang (www.l2xy2.com), Li-Heng Cai, Michael Rubinstein 
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Luminous Supernovae 
A. Gal-Yam 


Gamma-Ray Bursts 
N. Gehrels and P. Mészdros 


RESEARCH ARTICLE 
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A Periciliary Brush Promotes the Lung 
Health by Separating the Mucus Layer 
from Airway Epithelia 

B. Button et al. 

The lung is protected by a brushlike 
biopolymer that contributes to mucus flow 
and can trigger muco-obstructive diseases. 
>> Perspective p. 924 


REPORTS 
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PTF 11kx: A Type la Supernova with a 
Symbiotic Nova Progenitor 

B. Dilday et al. 

Spectroscopic data imply that a stellar 
explosion arose from a binary consisting 
of a white dwarf and a red giant star. 

>> Science Podcast 


Absorption Features in the X-ray Spectrum 
of an Ordinary Radio Pulsar 

O. Kargaltsev et al. 

Data from two x-ray space observatories reveal 
unexpected spectral features in a common, 
rotating, magnetized compact star. 


A 200-Second Quasi-Periodicity After 

the Tidal Disruption of a Star 

by a Dormant Black Hole 

R.C. Reis et al. 

Oscillations in x-ray emission from a galaxy’s 
central black hole imply that a disc formed 
after the hole captured a star. 

>> Perspective p. 916 


Design of Stable Nanocrystalline Alloys 
T. Chookajorn et al. 

Designed nanostructured alloys, amenable 
to large-scale production, show 
high-temperature thermal stability. 

>> Perspective p. 921 


Stepwise Evolution of Spherical Seeds 
into 20-Fold Twinned Icosahedra 

M. R. Langille et al. 

The growth of silver nanoparticles from 
plasmonic gold nanocrystals was tracked 
by electron microscopy. 


Mapping the Origins and Expansion 

of the Indo-European Language Family 
R. Bouckaert et al. 

Spatial models of language lineage 
evolution support an Anatolian homeland 
for Indo-European languages. 

>> News story p. 902; Science Podcast 
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Assembly of an Evolutionarily New 
Pathway for «-Pyrone Biosynthesis 

in Arabidopsis 

J.-K. Weng et al. 

A neofunctionalized copy of a plant P450 
enzyme allows synthesis of pyrone-bearing 
secondary metabolites, called arabidopyrones. 


Cis-Acting Transcriptional Repression 
Establishes a Sharp Boundary in 
Chordate Embryos 

K. S. Imai et al. 

The conserved tandem arrangement of 
Pinhead and Admp genes is important 
for their mutually exclusive expression. 


Landscape of Somatic Retrotransposition 
in Human Cancers 

E. Lee et al. 

Whole-genome sequencing provides evidence 
for somatic insertions in colorectal, prostate, 
and ovarian cancers. 


Dense Chromatin Activates Polycomb 
Repressive Complex 2 to Regulate 

H3 Lysine 27 Methylation 

W. Yuan et al. 

The density and compaction state of 
chromatin directly regulates the activity of 
a transcription repressor protein complex. 
>> Perspective p. 919 


Phosphofructokinase 1 Glycosylation 
Regulates Cell Growth and Metabolism 
W. Yi et al. 

Inhibition of a key metabolic enzyme 
reprograms metabolic flux toward pathways 
critical for cancer cell proliferation. 

>> Perspective p. 925 


Neurexin and Neuroligin Mediate 
Retrograde Synaptic Inhibition 

in C. elegans 

Z. Hu et al. 

Two synaptic adhesion molecules that have 
been implicated in psychiatric diseases affect 
the kinetics of synaptic events. 


Strategy-Dependent Encoding of Planned 
Arm Movements in the Dorsal Premotor 
Cortex 

T. M. Pearce and D. W. Moran 

The amount of preparatory neural activity in 
the brain depends on movement complexity 
and conscious planning. 
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SCIENCEONLINE 


SCIENCEXPRESS 


www.sciencexpress.org 


Genome Sequencing Identifies a Basis 

for Everolimus Sensitivity 

G. lyer et al. 

Tumor genome sequencing reveals the molecular 
basis of a patient's unexpected and dramatic 
response to a cancer drug. 
10.1126/science.1226344 


Acute Gastrointestinal Infection Induces Long- 
Lived Microbiota-Specific T Cell Responses 

T. W. Hand et al. 

Enteric infections induce lasting adaptive immunity 
against commensal bacteria that may play a role 

in intestinal problems. 

10.1126/science.1220961 


Cold-Inducible RNA-Binding Protein Modulates 
Circadian Gene Expression Posttranscriptionally 
J. Morf et al. 

An RNA-binding protein whose cyclic accumulation 
is regulated by body temperature confers robustness 
to circadian oscillators. 

10.1126/science.1217726 


Adhesion Functions in Cell Sorting 

by Mechanically Coupling the Cortices 

of Adhering Cells 

J.-L. Maitre et al. 

Cell adhesion provides a mechanical scaffold 
for cell cortex tension to drive cell sorting 
during zebrafish gastrulation. 
10.1126/science.1225399 


Molecular Mechanics of Cardiac Myosin-Binding 
Protein C in Native Thick Filaments 

Mz. J. Previs et al. 

A myosin thick filament-associated sarcomeric 
protein modulates cardiac contractility in a 
phosphorylation-dependent manner. 
10.1126/science.1223602 


Synthesis and Characterization of a Rhodium(I) 
o-Alkane Complex in the Solid State 

S. D. Pike et al. 

Hydrogenation of a crystalline precursor enables 
structural characterization of a commonly evoked 
reaction intermediate. 

10.1126/science.1225028 


SCIENCENOW 
www.sciencenow.org 
Highlights From Our Daily News Coverage 


Melting Greenland Growing Darker 

Last month’s sudden, widespread surface melt 
may aggravate a decade-long darkening trend. 
http://scim.ag/Melting-Greenland 


Semen’s Secret Ingredient 

New research identifies a molecule in semen 
that promotes female fertility. 
http://scim.ag/Secret-Ingredient 


How to Line a Thermonuclear Reactor 
Scientists hit upon a solution that erodes slowly 
while using minimal fuel. 
http://scim.ag/Thermonuclear_Reactor 
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SCIENCESIGNALING 
www.sciencesignaling.org 

The Signal Transduction Knowledge Environment 
21 August issue: http://scim.ag/ss082112 


RESEARCH ARTICLE: Hedgehog-Stimulated 
Chemotaxis Is Mediated by Smoothened 
Located Outside the Primary Cilium 

M. F. Bijlsma et al. 


PERSPECTIVE: The Path to Chemotaxis 

and Transcription Is Smoothened 

C. Lin et al. 

Distinct outputs of Hedgehog signaling arise from 
different subcellular localization of the signal 
transducer Smoothened. 


RESEARCH ARTICLE: The Protease Omi Cleaves 
the Mitogen-Activated Protein Kinase Kinase 
MEK1 to Inhibit Microglial Activation 

Q. Hu et al. 

Loss of a protease in microglia results in 
neuroinflammation that contributes to 
neurodegeneration and Parkinson’s disease. 


SCIENCETRANSLATIONAL MEDICINE 
www.sciencetranslationalmedicine.org 
Integrating Medicine and Science 

22 August issue: http://scim.ag/stm082212 


RESEARCH ARTICLE: Niacin Lipid Efficacy 
Is Independent of Both the Niacin Receptor 
GPR109A and Free Fatty Acid Suppression 
B. Lauring et al. 


FOCUS: It Ain’t Over ‘Til the Fat Lady Sings 
S. Offermanns 

GPR109A is not the target mediating niacin’s 
lipid efficacy, and the free fatty acid hypothesis 
does not explain niacin’s mechanism of action. 


RESEARCH ARTICLE: Tracking a Hospital Outbreak 
of Carbapenem-Resistant Klebsiella pneumoniae 
with Whole-Genome Sequencing 

E. S. Snitkin et al. 

Tracking a hospital outbreak of carbapenem-resistant 
Klebsiella pneumoniae with whole-genome sequencing 


revealed its origin and probable modes of transmission. 


REVIEW: Engineering Approaches 

to Immunotherapy 

M. A. Swartz et al. 

The rapidly evolving field of immunoengineering 
will bring new design strategies to clinical 
immunology. 


RESEARCH ARTICLE: Targeted Disruption 

of the BCL9/B-Catenin Complex Inhibits 
Oncogenic Wnt Signaling 

K. Takada et al. 

Locking BCL9/B-catenin interaction with a stapled 
peptide inhibits Wnt-dependent transcription and 
suppresses growth and metastasis in colon cancer 
with multiple myeloma. 
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www.sciencecareers.org/career_magazine 
Free Career Resources for Scientists 


Experimental Error: Is Science Cool? No. 

A. Ruben 

As the wider world celebrates science’s renewed 
coolness, our columnist stubbornly questions 
the world’s right to decide. 
http://scim.ag/EE_Coolness 


Perspective: On Motivation 

J. Austin 

The best way to motivate scientists is to engage 
them, encourage them, and stay out of their way. 
http://scim.ag/Perspective_Motivation 


SCIENCEPODCAST 
www.sciencemag.org/multimedia/podcast 
Free Weekly Show 


On the 24 August Science Podcast: mapping the 
history of Indo-European languages, the origins 
of a supernova, the Guppy Project, and more. 


SCIENCEINSIDER 
news.sciencemag.org/scienceinsider 
Science Policy News and Analysis 
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EDITED BY STELLA HURTLEY 


Stellar Explosions >> 


Stars that are born with masses greater than eight times that of the Sun end their 
lives in luminous explosions known as supernovae. Over the past decade, access to 
improved sky surveys has revealed rare types of supernovae that are much more lu- 
minous than any of those that were known before. Gal-Yam (p. 927) reviews these 
superluminous events and groups them into three classes that share common obser- 
vational and physical characteristics. Gamma-ray bursts are another type of extreme 
explosive events related to the death of massive stars, which occur once per day some- 
where in the universe and produce short-lived bursts of gamma-ray light. Gehrels 
and Mészaros (p. 932) review what has been learned about these events since the 
launch of NASA’s Swift (2004) and Fermi (2008) satellites. The current interpretation 
is that gamma-ray bursts are related to the formation of black holes. Type la superno- 
vae are used as cosmological distance indicators. They are thought to be the result of 
the thermonuclear explosion of white dwarf stars in binary systems, but the nature of 
the stellar companion to the white dwarf is still debated. Dilday et al. (p. 942) report 
high-resolution spectroscopy of the supernova PTF 11kx, which was detected on 26 
January 2011 by the Palomar Transient Factory survey. The data suggest a red giant 
star companion whose material got transferred to the white dwarf. 


microscopy was used to track the formation of 
several different particle shapes and internal 
structures during the growth process. 


Sticky Mucus? 


Mucus—experienced, for example, in the form 
of a runny nose or productive cough—is one 
of the tools the body uses to expel or prevent 
the uptake of foreign matter. In a number of 


Metal Manipulation 


Reducing the grain size below 100 micrometers 
can vastly improve the properties of a metal. 
However, these nanocrystalline metals are not 
thermally stable; at elevated temperatures the 


Finger on the Pulsar 


886 


diseases, a failure of the normal mucus-control 
system leads to obstructions of the airways and 
respiratory problems. Button et al. (p. 937; 
see the Perspective by Dickey) examine the 
existing gel-on-liquid model, where the mucus 
is thought to sit on a watery periciliary layer 
around the beating lung cilia that has been used 
to explain the flow of mucus. A gel-on-brush 
model is proposed where the mucus sits on a 
brushlike periciliary layer. The key elements of 
this layer are membrane-tethered macromol- 
ecules that cause normal flow and clearance 

of mucus. When dehydrated, the interface is 
disrupted, preventing normal mucus motion. 


Interrogating Growing 
Nanoparticles 


Several methods can be used to follow the 
mechanistic steps of a 
chemical reaction, but the 
growth of a nanoparticle 
from a small seed crystal 
is more difficult to follow. 
Langille et al. (p. 954) 
used plasmonic gold 
nanocrystals of differ- 

ent shapes (cubes and 
octahedral) as seeds for 
the growth of larger silver 
nanoparticles. Electron 


Pulsars, the most commonly seen neutron stars, 
have been known for over four decades. They are 
rotating, dense stars with very strong magnetic 
fields, whose spectra have been understood as a 
superposition of continuum components of ther- 
mal and nonthermal origin. Kargaltsev et al. 

(p. 946 now report the detection of absorption 
features in the x-ray spectrum of an ordinary ra- 
dio pulsar. These features may be more common 
than was previously thought and may provide the 
opportunity to probe the environment and radia- 
tion physics of neutron stars. 


Oscillating Black Hole 


The massive black holes that reside in the centers 
of galaxies can occasionally capture and tidally 
disrupt stars that wander too close. One such tidal 
disruption event was detected last year by the 
Swift satellite. Follow-up x-ray observations ana- 
lyzed by Reis et al. (p. 949, published 
online 2 August; see the Perspective by 
McKinney) show quasi-periodic oscilla- 
tions that suggest that an accretion disk 
formed around the black hole shortly 
after the tidal disruption event. This type 
of oscillation is commonly seen in the 
x-ray light from the much lighter black 
holes that result from the gravitational 
collapse of stars, but has been seen only 
once in a massive black hole residing in 
the center of a galaxy. 


grains will grow and merge. Alloying with a 
second metal to slow grain growth can slow 
down this process, which has shown some suc- 
cess on a trial-and-error basis. Chookajorn et 
al. (p. 951; see the Perspective by Weertman) 
now provide a theoretical framework to create 
stability maps to identify potential alloys with 
the greatest thermal stability. For tungsten, 
counterintuitively, the theory suggests that 
atoms with the largest size differential or low- 
est solubility are not the best alloying choice. 
Indeed, an alloy of tungsten and titanium was 
processed more easily than pure nanocrystal- 
line tungsten and also showed better stability at 
high temperatures. 


Keep on Neurexin 


Mutations altering neurexin and neuroli- 

gin have been linked to several psychiatric 
disorders, including autism and schizophre- 
nia. However, it remains uncertain how these 
mutations alter neural circuit development 
and function. Working in the nematode 
Caenorhabditis elegans, Hu et al. (p. 980, 
published online 2 August) found that 
neurexin and neuroligin function downstream 
of a muscle microRNA (miR-1), mediating a 
retrograde synaptic signal that inhibits neu- 
rotransmitter release. This retrograde signal 
inhibited transmission by adjusting the rate 
and duration of synaptic vesicle release. 
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This Week in Science 


A Family of Languages 


English is part of the large Indo-European language family, which includes Celtic, Germanic, Italic, 
Balto-Slavic, and Indo-Iranian languages. The origin of this family is hotly debated: one hypothesis 
places the origin north of the Caspian Sea in the Pontic steppes, from where it was disseminated by 
Kurgan semi-nomadic pastoralists; a second suggests that Anatolia, in modern-day Turkey, is the 
source, and the language radiated with the spread of agriculture. Bouckaert et al. (p. 957) used 
phylogenetic methods and modeling to assess the geographical spread of the Indo-European lan- 
guage group. The findings support the suggestion that the origin of the language family was indeed 
Anatolia 7 to 10 thousand years ago—contemporaneous with the spread of agriculture. 


Making Arabidopyrones 


Plants possess specialized metabolic systems 
that rapidly explore new chemical space as a 
means to adapt to their environments. Weng 
et al. (p. 960) describe the evolutionary tra- 
jectory underlying the emergence of a class 
of o-pyrone—bearing metabolites—arabido- 
pyrones—in the model plant Arabidopsis. 
The first step of the arabidopyrone synthesis 
pathway is catalyzed by a cytochrome P450 enzyme neofunctionalized following a recent gene 
duplication event. This development led to the synthesis of a catechol-substituted substrate, which 
became a new substrate for a highly conserved extradiol ring-cleavage dioxygenase. Thus, plants can 
rapidly assemble a specialized metabolic pathway by substituting a new biological activity into an 
existing catalytic framework. 


BMP Signaling and Transcription 


Christmas th 
Costa Rica 


December 21-30, 2 


Bone morphogenetic protein signaling (BMP) is widely used for dorsoventral axis determination in 
animal embryos, which involves specific interactions between BMPs and their antagonists. In the ge- 
nomes of many animals, the gene Pinhead is encoded as a neighbor of one of the BMP ligand genes, 
Admp (antidorsalizing morphogenetic protein). Working in ascidian tailbud-stage embryos, Imai et 
al. (p. 964) now show that Pinhead is an antagonist of ADMP and is important for the establishment 
of the sharp boundary of the ventral epidermis. Transcription of Pinhead disturbs transcription of 
Admp by a cis-acting mechanism, which may explain the mutually exclusive expression of these two 
functionally opposed genes. 


Movement in the Cancer Genome 


Transposable elements are genetic sequences that can replicate and move within the genome. The 
factors that make an element mobile are unknown but are generally considered rare in mammals. 
Lee et al. (p. 967, published online 28 June) analyzed five cancer types occurring among several 
individuals and found that three types of epithelial tumors exhibited high rates of element move- 
ment relative to brain and blood cancers. Furthermore, these somatically acquired, tumor-specific 
elements targeted genes in colorectal cancer that, when disrupted, impact gene expression and thus 
may be a factor in the progression of the cancers. 


Coding Complex Movements 


The dorsal premotor cortex is a critical area for planning reaching movements. Pearce and Moran 
(p. 984, published online 19 July) trained two macaques to reach around randomly placed objects 
in a virtual reality task while simultaneously recording neuronal activity in the premotor cortex. 
Neurons in the premotor cortex coded for the direction of the hand movement and at the same 
time also coded other variables, including the position of the hand and the final location of the 
target. Population vector analyses were able to decode multiple kinematic variables from the neural 
activity. In one monkey, the population vector was first directed to the target but when the obstacle 
appeared the population vector rotated. However, the other monkey waited until the obstacle 
appeared. The differences in the neural planning between these two monkeys suggest different 
optimization strategies. 
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A New Dawn for Science in Africa 


TO REVOLUTIONIZE RADIO ASTRONOMY, THE INTERNATIONAL SQUARE KILOMETRE ARRAY (SKA) 
project (www.skatelescope.org) has a visionary plan for a $2 billion telescope network, and 
much of it will be based in Africa. For the first time, the continent will host the world’s largest 
scientific instrument, symbolizing the importance of science and technology for A frica’s future. 

Radio waves emitted by objects in space provide alternative views of the universe to those 
seen with optical telescopes. Linked together, radio telescopes create an interferometer, and 
the SKA will be the world’s largest such array. Five key science projects will address funda- 
mental questions in physics, astrophysics, cosmology, and astrobiology, including the birth and 
evolution of galaxies, dark energy, the nature of gravity, and the search for life beyond Earth. 
As announced in late May 2012, Africa will host about 70% of the array, with the remainder in 
Australia and New Zealand. The core site in Africa will be in the semi-desert Karoo of South 
Africa, where part of SKA Phase I is already under construction (the 
MeerKAT array). This area already has advanced infrastructure and 
hosts the locally designed and manufactured KAT demonstrator radio 
array, as well as the international PAPER radio array and CBASS radio 
dish. Additional SKA telescopes will be built in South Africa’s SKA 
partners Botswana, Ghana, Kenya, Madagascar, Mauritius, Mozam- 
bique, Namibia, and Zambia. In Ghana, an obsolete telecommunica- 
tions dish is being converted into a radio telescope with South African 
and British assistance. 

The success of South Africa’s bid to act as the SKA core site is 
testimony to the nation’s vision in recognizing the potential impact of 
a high-profile iconic project that is comparable in scope to the Large 
Hadron Collider in Europe. Hundreds of millions of dollars from the 
government and a strong astronomy and engineering capability have 
underpinned the bid. The efforts of South African Science Minister 
Naledi Pandor, the South African SKA project team, and local astronomers and engineers have 
paid off: Thousands of dishes and antennas, together with infrastructure and supercomput- 

ing facilities, will be built in African nations over the coming decades. Even 
modest SKA infrastructure will help to trigger interest in science among 
the youth and produce broader technological spinoffs. New astronomy 
courses have been launched at universities in South Africa’s eight SKA 
partner countries. High-level skills training is based in South Africa, 
and its SKA Human Capital Development (HCD) program has funded 
over 70 African graduate students from outside South Africa. 
In South Africa, the legacy of apartheid education, reflected in poor 
. science and maths outcomes at the school level, creates a serious chal- 
0 a | | n eC lenge to the training of black scientists and engineers. But the South A fri- 
. can HCD program is playing a major role in meeting this challenge. It has 
sciencemag.org funded 50 postdoctoral researchers, 60 Ph.D. and 100 M.Sc. students, 
any and more than 200 undergraduate and technical college students. Of the 
Maartens (http://scim.ag/ total of 425 funded since 2005, 60% are black and 29% are female. In 
ed_6097). parallel, the innovative inter-university National Astrophysics and Space 
Science Programme has produced 75 master’s degrees, which have led to 
21 Ph.D. degrees at both local and international institutions. Both efforts have already produced 
graduates who have won prestigious postdoctoral fellowships in Europe and the United States. 

In addition to strengthening intracontinental science collaboration, the SKA project will 
bolster intercontinental cooperation between Africa and the other SKA partners: Australia, 
Canada, China, Italy, the Netherlands, New Zealand, Sweden, and the United Kingdom. If 
history is any guide, this magnificent new instrument will make many more discoveries than 
we can imagine today, while also helping to realize the potential of the large reservoir of sci- 
entific talent in Africa. — Roy Maartens and George Ellis 

10.1126/science.1228453 
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IMMUNOLOGY 


The Limits in Infant Immunity 


Natural killer (NK) cells control viral infections 
swiftly, releasing lytic factors that destroy infected 
cells shortly after infection. But infants and 
neonates are susceptible to viral infections in part 
because they lack the mature form of these pow- 
erful immune cells. Marcoe et al. have discovered 
a factor that limits this arsenal early in life. The 
authors found that during mouse infancy, trans- 
forming growth factor—B (TGF-f) blocks a termi- 
nal step in NK cell maturation. TGF-B blocked the 
generation of mature NK cells from mouse stem 
cell precursors in vitro. In mice that were geneti- 
cally engineered to lack a functional receptor for 
TGF-B in NK cells, the number of mature NK cells 
present at 10 days of age was equivalent to that 
in 56-day-old normal mice. In addition to faster 
maturation, infant mice lacking NK cell TGF-B 


receptor signaling were resistant to viral infection. 


Analysis of mRNA points to genes that control the 
cell division cycle—p21 and Cdc7—as targets 

of TGF-B, arresting the production of NK cells 

as they mature. The expression of transcription 
factors that push NK cells through the final stage 
of maturation is also limited by TGF-B. The find- 
ings raise the possibility that inactivating TGF-B 
signaling could prevent the deficit of NK cells 
during infancy. — LC 


Nat. Immunol. 11, 10.1038/ni.2388 (2012). 


CELL BIOLOGY 
Stretch Relief 


The microtubule network links mechanical 
stretching in heart cells to intracellular signal- 


PLANT SCIENCES 


Pathogens Double Down 


Bacterial spot that affects tomato and pepper plants is caused by Xanthomonas camp- 
estris. X. campestris delivers a protein effector called XopN into plant cells that binds to other 
proteins, including the 14-3-3 protein in tomatoes, TFT1. 14-3-3 proteins serve variously 
as clamps, masks, and scaffolds to regulate and organize the functions of a wide variety of 
target proteins. Taylor et al. studied how the interaction of XopN with TFT1 modulated the 
plant's pathogen defense response. Silencing of the gene that encodes TFT1 demonstrated 
that it plays a protective role against bacterial infection and regulates four other pathogen- 
triggered plant genes. TFT1 was able to keep the growth of XopN-deficient bacteria in 
check, but this effect was abrogated in the absence of TFT1. 
XopN binds to TFT1 through its C-terminal domain. XopN also binds to TARK1, a tomato 
atypical receptor kinase that plays a role in plant defense, through its N-terminal domain, 
and this binding interaction seems to help the XopN C-terminal domain hold on to TFT1. 


Through its two-domain binding system, the bacterial XopN effector sequesters the two 
plant-defense proteins. It is not clear yet just how TFT1 and TARK1 defend the plant normally, but 
what is clear is that when XopN grabs both of them together, the plant’s defense collapses. — PJH 


ing events mediated by changes in concentra- 
tion of reactive oxygen species (ROS) and of 
intracellular free calcium ions. Khairallah et 
al. show that a similar signaling system may 
have a role in the malfunction of muscle cells 
in Duchenne muscular dystrophy (DMD). In 

a mouse model of DMD, muscle cells gener- 
ated ROS and accumulated more intracellular 
calcium than did normal cells in response to 
stretching. These responses were dependent on 
microtubules. Mechanical stress caused damage 
to dystrophic mouse muscle, but treatment of 
mice in vivo with an inhibitor of ROS produc- 
tion or a microtubule depolymerizing drug 
protected muscle function, perhaps offering a 
strategy of therapeutic benefit in this deadly 
disease. — LBR 


Sci. Signal. 5, ra56 (2012). 


IMMUNOLOGY 
Taming Microglia 


Multiple sclerosis (MS) is a severely debilitat- 
ing degenerative disease of the central nervous 
system. Resident macrophages of the brain, 
called microglia, are thought to be an impor- 
tant driver of disease. Factors that promote the 
conversion of proinflammatory, or so-called 
“M1” microglia, which are thought to be the 
type of microglia that contribute to disease, into 
less dangerous, immunoregulatory “M2"-type 
microglia, are of therapeutic interest. Starossom 
et al. identified one such factor, the endogenous 
glycan-binding protein Galectin-1 (Gal1). In a 
mouse model of MS, Gall was expressed during 
the acute and chronic stages of disease by as- 
trocytes and some populations of immune cells. 


PLoS Pathog. 8, 1002768 (2012). 


Gal1 bound preferentially to M1 microglia in 
a glycan-dependent manner, and once bound, 
it inhibited the proinflammatory phenotype 
of M1 microglia by retaining the phosphatase 
CD45 on the cell surface. This resulted in the 


dephosphorylation, and therefore downmodula- 
tion, of several downstream proinflammatory 
signaling molecules. The effects of Gall on M1 
microglia were primarily the result of astrocyte- 
produced Galt. Finally, the authors showed that 
mice deficient in Gall experienced enhanced 
axonal damage, whereas treatment of mice with 
Gal1-treated microglia or with Gal1 itself had a 
therapeutic effect, which suggests that Gal1 may 
be a potential therapeutic target in MS. — KLM 
Immunity 37, 10.1016/ 
j-immuni.2012.05.023 (2012). 
Continued on page 893 
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MICROBIOLOGY 


= Det 
Like larger organisms, bacteria are plagued by 
viruses and other mobile entities bringing in 
foreign DNA that may be damaging. Bikard et al. 
recognized that Streptococcus pneumonia (pneu- 
mococcus) lacks the CRISPR-endoribonuclease 
mechanism that has evolved to defend against 
bacteriophage infection and plasmid conjuga- 
tion. Lateral gene transfer between unrelated 
species is a fundamental characteristic of pro- 
karyote evolution, however, and therefore CRISPR 
loci could block the transfer of traits. Pheumo- 
cocci rely on exogenous DNA to endow them with 
virulence and antibiotic resistance through direct 
uptake of DNA, and this may be why CRISPR 

is absent in this species. CRISPR 
sequences can be experimentally 
introduced into pneumococcus 
that prevent the pathogen from 
capsule-switching—a key trait that 
allows this bacterium to dodge 
host immune responses—and 
allow mice to survive infection with 


lowest measured temperature showed perfect 
transmission. The authors interpreted their 
results as a quantum phase transition of the un- 
usual “boundary” type, where only a local part 
of the system undergoes the transition. — JS 
Nature 488, 61 (2012). 


CHEMISTRY 


Common ragweed is native to North America 
but has become widespread in most temper- 
ate regions around the world. It can cause 
strong allergic reactions in people with hay 
fever, including severe irritation of the airways; 
however, little is known about the secondary 
metabolites from this plant and their involve- 
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inactivate the introduced CRISPR, 
indicating that selection pressure to 
avoid immune responses is strong 
enough to leverage reacquisition of 
the ability to scavenge for foreign 
genes in this species. — CA 

Cell Host Microbe 12, 177 (2012). 


PHYSICS 


In quantum mechanics, when a particle encoun- 
ters a potential energy barrier that it cannot 
classically overcome, most of the time that parti- 
cle will be reflected, but some of the time it will 
be able to make it through to the other side. The 
probability of tunneling is generally less than 

1; however, in the special case where there is 
dissipation in the system and instead of a single 
barrier there is a double barrier supporting a 
resonant state, perfect transmission has been 
predicted to occur under certain circumstances. 
Mebrahtu et al. used a carbon nanotube coupled 
to two resistive (dissipative) leads to realize this 
system; two side gates controlled the coupling 
between the nanotube and the two leads. When 
the couplings were asymmetrical, there was the 
usual decreasing dependence of resonance con- 
ductance with lowering temperature. For exactly 
even couplings, the behavior was the 

opposite of that, and the conductance at the 


ment in the allergic response. Taglialatela- 
Scafati et al. have analyzed the composition of 
the aerial parts of common ragweed collected 
from an urban environment in the outskirts 
of Novara, Italy. Common ragweed samples 
collected only 100 m away from each other had 
different phytochemical profiles, illustrating the 
heterogeneity of the European populations of 
this plant. Along with numerous known com- 
pounds, the authors discovered eight unknown 
sesquiterpenoids and show that these com- 
pounds are activators of TRPA1, a sensor that is 
a major player in the induction of inflammatory 
pathologies of the airways. Samples of common 
ragweed pollen were too small to allow the 
identification of specific constituents, but the 
chemical characteristics of the pollen extract 
suggest that the pollen also contains these sec- 
ondary metabolites. Low-molecular terpenoids 
may thus play a role in the allergic response to 
common ragweed. — JFU 

Eur. J. Org. Chem. 10.1002/ejoc.201200650 (2012). 
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Washington, D.C. 1 
InSight to Probe Martian Innards 


In 2016, NASA will launch a mission to 
probe the crust, mantle, and core of Mars, 
seeking to understand how the planet evolved 
from a nascent ball of magma. InSight (Inte- 
rior Exploration Using Seismic Investiga- 
tions, Geodesy, and Heat Transport) is based 
on the designs that delivered the Phoenix 


An artist's 
conception 
of InSight. 


lander to Mars, reducing cost and risk. That 
likely appealed to NASA managers, who 
picked InSight over proposed missions to 
land on a lake on Titan or an active comet. 
The new mission is designed to probe 
to the core of Mars with minimum effort. A 
single seismometer on the surface will use 
the seismic waves from small quakes and 
meteorite impacts to chart the interior. Tem- 
perature sensors sent a few meters down a 
drill hole will reveal how the planet is cool- 
ing. And exquisitely precise measurements 
of the lander’s motions as Mars wobbles will 
refine the seismic picture of the rocky planet. 


http://scim.ag/InSightprobe 


Washington, D.C. 2 
BRCA Genes Ruled Patentable 


For the second time, an appeals court in 
Washington, D.C., has ruled that patents 

on BRCA genes linked to breast and ovar- 
ian cancer are valid. Patent holder Myriad 
Genetics of Salt Lake City has come under 
fire from medical organizations and scien- 
tists, including Nobelist James Watson, who 
opposed the patents in an amicus brief in 
June. The challenge, led by the American 
Civil Liberties Union and the Public Pat- 
ent Foundation of New York City, went all 
the way to the Supreme Court, which earlier 
this year sent it back down for a lower-level 
review. The Court of Appeals for the Federal 
Circuit voted 2—1 last week in favor of the 
patents, again giving a green light to patents 
on isolated DNA and cDNA. But the court 
ruled that the company’s method of compar- 
ing DNA sequences was too abstract to be 
patentable. Judge William Bryson disagreed 
with the majority in part, arguing that genes 
and gene fragments should not patentable; 
the ruling, he warned, “will likely have broad 
consequences, such as preempting methods 
for whole-genome sequencing.” Neither side 
has said whether it will appeal. 
http://scim.ag/BRCApat 


Para, Brazil 3 
Court Halts Construction 


Of Amazonian Dam 


A federal court in Brazil has stopped work 
on the controversial Belo Monte Dam, find- 
ing that the indigenous peoples who live 
along the Xingu River were not adequately 
consulted. If completed, the $15 billion dam 
will be the third largest in the world, have 
the capacity to generate up to 11,000 mega- 
watts, displace perhaps tens of thousands of 


PP < Ay 
Cofistruction of the 
Belo Monte Dam in 


June 2012. 


residents, and flood hundreds of square kilo- 
meters of rainforest. 

Brazil’s National Congress approved 
the plans in 2005. Electric company 
Eletrobras and a consortium of construc- 
tion companies subsequently produced 
an environmental impact assessment, and 
construction of the dam began in June of 
last year. But the Regional Federal Tribunal 
ruled last week that the tribal consultations 
should have been completed before the 
Congress gave its approval. 

The decision is expected to be appealed 
to the Brazilian Supreme Court. In a state- 
ment, Norte Energia S.A., which is building 
the dam, said that many workers would lose 
their jobs, local governments would forgo 
$22 million in taxes per month, and develop- 
ment work would cease. 


New Delhi 4 
New Lab for HIV Research 


Last week, India opened a 
$12 million, government-backed 
laboratory whose mission is 
to create a new vaccine against 
HIV. The HIV Vaccine Transla- 
tional Research Laboratory, which 
aims to recruit about 30 scientists, 
is embedded within the Translational Health 
Science and Technology Institute, a $200 mil- 
lion facility under development on the out- 
skirts of New Delhi. It will work in collabora- 
tion with the New York based—International 
AIDS Vaccine Initiative (AVI); operating 
costs will be shared equally. 

“Researchers have long known that after 
a few years of infection, a minority of HIV- 
positive people produce antibodies that can 
neutralize a broad spectrum of HIV variants. 
... Designing a new broad-spectrum HIV 
vaccine will be the mandate of this new lab,” 
says Margaret G. McGlynn, CEO of IAVI. 

India has the world’s third largest burden 
of AIDS, despite the fact that “HIV infec- 
tions have declined by 56% during the last 
decade, from 270,000 in 2000 to 120,000 in 
2009,” says India’s health minister Ghulam 
Nabi Azad. 
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Creative Commode 


This prizewinning toilet “user interface” could be a key to the future of toi- 
let technology. The design won a $40,000 prize last week at the Reinvent the 
Toilet Fair organized by the Bill & Melinda Gates Foundation. The fair brought 
together scientists from 29 countries seeking to replace the flush toilet in 
regions without adequate sanitation. 

A toilet’s attractiveness is a crucial part of any workable solution, notes Carl 
Hensman, the foundation’s program officer for water, sanitation, and hygiene. 
This design—by Tove Larsen of the aquatic research center Eawag in Diibendorf, 
Switzerland; Harald Griindl of the design firm EOOS in Vienna; and their col- 
leagues—comes in under the foundation’s cost criteria of 5 cents per user per day. 

The top $100,000 prize at the fair went to Michael Hoffmann of the Cali- 
fornia Institute of Technology in Pasadena and his colleagues, who designed 
a solar-powered electrochemical reactor that breaks down human waste to 
produce hydrogen gas. The foundation’s goal is to have a field-tested “Toilet 
2.0” prototype ready for larger-scale testing by 2015. http://scim.ag/toiletprize 


CREDITS (TOP TO BOTTOM): BILL & MELINDA GATES FOUNDATION/MICHAEL HANSON; PHOTO BY RODNEY LADSON 2009, COURTESY OF Z. AZIZA BACCOUCHE 


Washington, D.C. 5 
What's in a Name? 


A controversial attempt to change the 

name of the U.S. National Science Founda- 
tion’s Division of Mathematical Sciences 
(DMS)—tenaming it the Division of Math- 
ematical and Statistical Sciences—is off the 
table for now. But subtler changes at DMS 
may lie ahead. 

DMS Director Sastry Pantula, a statisti- 
cian and former president of the American 
Statistical Association, floated the idea in 
a letter in October 2011. “Including both 
disciplines in the name,” he wrote, “would 
allow the Division to effectively leverage 
the combined resources and support of two 
very large communities.” Funding for sta- 
tistical research is currently spread through- 
out the agency. 

The proposal sparked sharp debate. 
Mathematicians overwhelmingly opposed 
the change, arguing that “mathematical 
sciences” already includes statistics and 
singling out one subdiscipline would be 
divisive. Statisticians and their organizations 
almost unanimously supported the change as 
an overdue recognition of the importance of 
their discipline. 

On 16 August, NSF officials announced 
that the name won’t change, but the agency 
will appoint a new external committee to 
review the role of statistics in science and 
how NSF should fund statistical research. 
NSF will also specifically mention “sta- 
tistics” alongside “mathematics” in future 
budget requests and solicitations for research 
proposals. http://scim.ag/NSFmathstat 
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NEWSMAKERS 
Three 0's 


Nuclear physicist and 
science communicator 
Aziza Baccouche—aka 
“Dr. Z”—is hoping 

to raise the visibility 
of underrepresented 
groups in the sciences, 
including minorities 
and people with disabilities. Baccouche— 
who is blind and A frican-American—has 
been a science correspondent for CNN and a 
producer for The Kojo Nnamdi Show. Now, 
through her company Aziza Productions 
Inc., Dr. Z is embarking on a half-hour docu- 
mentary film series exploring the universe 
through the eyes of a legally blind scientist. 
The pilot airs on Howard University Televi- 
sion on 26 August. 


Baccouche 


Q: What is the focus of the show? 

It’s dealing with perceptions and prejudices 
about disability, and in particular about 
blindness. My [college] adviser used to say 
that it takes sight to do physics. What ’m 
trying to showcase in the series is that it 
doesn’t take sight—it’s about being able to 
visualize intellectually. 

Some people might say, “How do you do 
television?” I say I’m bringing an advantage 
to the table: People communicating with 
me can’t get away with pointing at things. It 
forces the scientists to be more descriptive. 


Q: What's the pilot about? 
In 2010, we flew with a team of scientists, 
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THEY SAID IT 


“The theory of evolution is a 
theory, and essentially the 
theory of evolution is not 
science—Darwin made it up.” 


—kKentucky state Representative 

Ben Waide (R), to The Lexington Herald- 
Leader, following a hearing last week on 
the state’s decision in 2009 to bring its 
science curriculum up to national stan- 
dards, including teaching evolution. 


“Referring to biological evolu- 
tion as a theory for the pur- 
pose of contesting it would be 
counterproductive, since sci- 
entists only grant the status of 
theory to well-tested ideas.” 


—Terry Holliday, Kentucky education 
commissioner, in a 2011 letter. 


including physicist [Gregory] Jenkins at 
Howard University in Washington, D.C., on 
a NASA plane into Hurricane Earl. The story 
focuses on hurricane science, but also con- 
nects the wider story to [Hurricane] Katrina 
and why this science is important. 


Q: What's next for the series? 

The National Science Foundation supported 
the first film through a grant to Dr. Jenkins, 
but we’re trying to secure some ongoing 
underwriters. We’re working on films about 
the big bang theory and proton therapy. 
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Jerka, in 2007 


Zoos Help Germs Jump 
Species Barrier 


An international team of researchers has 
implicated a surprising culprit in the case of 
a dead polar bear: a zebra virus. 

In June 2010, Jerka, a 20-year-old polar 
bear in a zoo in Wuppertal, Germany, suf- 
fered seizures and died a few days later. In 
the animal’s brain, scientists found only one 
candidate pathogen, a recombinant form of 
two herpes viruses found in zebras, EHV 1 
and EHV9, they reported last week in Cur- 
rent Biology. How the polar bear became 
infected is unclear, because zebras and bears 
had no direct contact and no keepers cared 


for both. One possibility, the authors suggest, 
is that rodents might have carried the virus 
from one enclosure to the other. 

“This case illustrates that when you are 
bringing animals from different conti- 
nents together in a zoo, you are also giving 
pathogens the opportunity to recombine 
and jump to another host,” says lead author 
Alex Greenwood of the Leibniz Institute 
for Zoo and Wildlife Research in Berlin. 
The frequency of such events is probably 
underestimated, he suggests, because most 
zoo animal deaths do not trigger such an 
intense investigation. 


Older Dads Pass On 
More Mutations 


A group of Icelandic families with a high 
rate of schizophrenia and autism spectrum 
disorders (ASD) have helped researchers 
pin down an older father’s impact on his off- 
spring’s genetics. For every extra birthday 
the father has had, his child carries an aver- 
age of 2.01 additional mutations. 

The work, published this week in 
Nature by the Icelandic company deCODE 
genetics, backs up studies suggesting that 
a father’s age correlates with a child’s 
increased risk of these disorders. Sperm 
from older men is thought to be more likely 
to carry spontaneous, or de novo, mutations. 
“The large linear effect of more than two 
extra mutations per year,” the researchers 
write, “is striking.” They nailed the number 


down by sequencing and studying 78 fami- 
lies, which included 65 offspring who had 
either schizophrenia or ASD. Nearly 2000 
other Icelanders served as controls. 

Older mothers seemed slightly more 
likely to pass on de novo mutations to their 
children. But it was the dads who primar- 
ily determined how many of these mutations 
their children ended up with. 


No Star Left Behind 


Contrary to expectations, the brightest 
supernova in recorded history left no star 

in its wake, say astronomers who have 
searched the celestial wreckage. In 1006, 
observers watched a star explode in the con- 
stellation Lupus. The explosion was a Type 
Ia supernova, the most luminous variety; it 
occurred when a small, dense star known 

as a white dwarf blew up about 7000 light- 
years from Earth. Such a supernova is sup- 
posed to result when a larger companion star 
dumps material onto the white dwarf, trig- 
gering a runaway nuclear reaction that anni- 
hilates the smaller star. However, as astrono- 
mers will report in The Astrophysical Jour- 
nal, a thorough search for the companion, 
which should have survived the explosion, 
has turned up nothing—suggesting instead 
that two white dwarfs that were in orbit 
around each other merged and blew up, and 
hinting that more Type Ia supernovae may 
stem from double white dwarfs than astrono- 
mers had thought. 


a 


Random Sample 


Rare Bird Learns to Fly Away Home 


After centuries away, the northern bald ibis is starting to learn its way 
around Europe again. Last week, a bird named Jazu became the first 
northern bald ibis to learn a full migration cycle in Europe without the 
help of humans since the birds went extinct on the continent almost 
4 centuries ago. 

The northern bald ibis is critically endangered in the Middle East 
and North Africa, and only one long-standing wild colony still migrates 
in the Middle East. But for the past decade, the Austria-based Waldrapp- 
team has been successfully using ultralight aircraft to teach hand-raised 
northern bald ibises to migrate from Waldrappteam colonies in Ger- 
many and Austria to Tuscany, Italy. Waldrappteam leader and biologist 
Johannes Fritz hopes to use the ultralight method to reestablish migrat- 
ing colonies in Europe and to support conservation elsewhere. 

Enter Jazu. The bird wasn't human-raised and didn’t learn to migrate 
by following an ultralight; instead, his natural parents raised him last 
year in the Waldrappteam colony in Burghausen, Germany. Then he fol- 
lowed one of the colony's older birds, who had previously learned to 


migrate from an ultralight, to the birds’ wintering grounds in Tuscany. 

But last month, Jazu started back north on his own. He crossed the 
Alps, and on 10 August showed up in Burghausen, Fritz says. “This 
shows ... that a stable migration tradition can be established” with 
northern bald ibises using the team’s method. Indeed, he adds, Jazu 
may already be carrying on the tradition: He started back south the very 
next day—with a young bird in tow. 
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ASTRONOMY 


Panel Says NSF Should 
Shutter Six U.S. Instruments 


“That’s life, that’s what people say,” sang 
Frank Sinatra. “You’re riding high in April, 
shot down in May.” 

Those lyrics fit the swinging fortunes 
of U.S. ground-based astronomy, which 
2 years ago appeared to be poised for a 
decade of growth. Now, with the National 
Science Foundation (NSF) anticipating a 
flattening of its astronomy budget over the 
next decade, researchers are bracing for the 
potential shutdown of telescopes that many 
say are still producing high-quality science. 

The bad news comes in recommenda- 
tions from a panel asked by NSF’s astronomy 
division to find ways to cope with the agen- 
cy’s dismal budgetary outlook. The panel’s 
report, released last week, recommends that 
the division stop funding the Green Bank 
Telescope (GBT) in West Virginia—the 
largest steerable single-dish radio telescope 
in the world—and the Very Long Baseline 
Array (VLBA), a network of 10 radio dishes 
spanning about 8500 kilometers, within the 
next 5 years. Other telescopes on the pan- 
el’s hit list—all of them on Kitt Peak in Tuc- 
son, Arizona—include the 3.5-meter WIYN 
Telescope, the 4-meter Mayall Telescope, 
the 2.1-meter Kitt Peak telescope, and the 
McMath-Pierce Solar Telescope. 

“These were very painful recommenda- 
tions for us to make,” says Daniel Eisenstein, 


an astronomer at Harvard University and 
chair of the 17-member panel that conducted 
the review. But the pain must be endured, 
he says, if NSF wants to follow through on 
plans to build new ground-based instruments 
such as the Large Synoptic Survey Tele- 
scope (Science, 27 August 2004, p. 1232) 
and the Advanced Technology Solar Tele- 
scope (Science, 25 July 2008, p. 478). (LSST 
won approval last month to seek construction 
funding for its site in Chile, and ATST may 
be within weeks of clearing its final hurdle to 
begin construction in Hawaii.) “We’re taking 
the recommendations very seriously,” says 
James Ulvestad, head of NSF’s astronomy 
division. “We understand the panel’s rationale 
for saying that we need to act decisively and 
quickly.” NSF officials say the recommenda- 
tions will inform the agency’s proposed 2014 
budget that will be submitted shortly to the 
White House. 

The tone of the panel’s report stands in 
sharp contrast to the cheerful scenario laid 
out in the 2010 Astronomy and Astrophys- 
ics Decadal Survey by the U.S. National 
Academies (Science, 20 August 2010, 
p. 894). When its authors provided the gov- 
ernment with a list of ground-based and 
space-based projects that U.S. astrono- 
mers wanted to see built by 2020, the fis- 
cal future was looking a lot brighter: NSF 


Watch list. Instruments recommended for closure 
at Kitt Peak National Observatory in Arizona (left) 
include the 4-meter Mayall telescope (right). 


officials thought the agency was on track 
for a 10-year doubling of its overall bud- 
get, which is now $7 billion. As a result, 
the authors of the survey assumed that 
NSF’s astronomy budget would increase 
from about $240 million in 2010 to nearly 
$500 million in 2020. 

That scenario now seems highly unlikely: 
The 2012 budget is already $45 million short 
of what the survey authors had assumed it 
would be, and that gap between past expec- 
tations and reality is expected to widen to 
$75 million in 2014. The current projections 
show that the division’s budget will continue 
to decline over the next few years before 
climbing back to its 2010 level by 2020. 

In September 2011, after it became clear 
that the anticipated doubling was in doubt, 
Ulvestad initiated an external review of his 
division’s portfolio. Eisenstein’s panel was 
asked to find a balance between ongoing 
astronomy programs supported by NSF and 
new activities proposed in the decadal survey 
that squared with the new budget realities. 

Eisenstein and his colleagues quickly 
realized that the status quo was not an option, 
even in the near term. One reason was that 
the astronomy division would have to ramp 
up spending to operate the soon-to-be-com- 
pleted Atacama Large Millimeter/submil- 
limeter Array in Chile—from $23 million 
per year to $40 million per year. Later in the 
decade, the division would also have to start 
funding ATST’s operations. 

With these pressures, the panel projected 
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that the annual funding 
available for research 
grants could drop from 
its current level of $92 
million to $27 million 
in 2017. The only way 
to avoid such a drastic 
decline was to phase out 
support to some older 
facilities. The panel has 
identified cuts of about 
$20 million a year. 

Not surprisingly, man- 
agers of the facilities on 
the chopping block (NSF prefers the term 
“divestment”) are very unhappy. The two 
organizations responsible for operating GBT 
and VLBA—Associated Universities Inc. 
and the National Radio Astronomy Observa- 
tory—issued a statement pointing out that the 
two telescopes were not “obsolete facilities” 
that could be retired to make way for new 
ones. “Both the GBT and the VLBA are the 
state-of-the-art, and have crucial capabilities 
that cannot be provided by other facilities,” 
the statement said. Karen O’Neil, GBT’s site 
director, adds that divesting the instrument 
“will be a serious blow to astronomers across 
the United States and around the world.” 

The proposed divestment “will undoubt- 
edly be devastating to the radio and optical 
communities,” says Debra Elmegreen, an 
astronomer at Vassar College in Poughkeep- 
sie, New York, who served on the decadal 
survey committee and is past-president of the 


CHINA 


“Not obsolete.” Supporters say the 10-year-old Green 
Bank Telescope (left) and the Very Long Baseline Array 
(right) produce irreplaceable, cutting-edge science. 


American Astronomical Society. “But there 
is simply no way that all worthy facilities 
can be kept operating on federal funds and 
still have any funds left for new starts,” she 
says. The panel’s report had done a good job 
of finding what she calls a “prudent balance 
among small, medium, and large efforts, and 
between existing and proposed facilities.” 

David Silva, director of the National 
Optical Astronomy Observatory, expects 
to find alternate funding sources for the 
three telescopes that the panel has recom- 
mended for divestment. For instance, the 
4-meter Mayall Telescope is expected to 
recover some of the lost funding as part of 
BigBOSS—a dark energy survey project 
led by a team at the Department of Energy’s 
Lawrence Berkeley National Laboratory. 

At the same time, he says, university 
researchers will suffer if NSF ends fund- 
ing for the Kitt Peak telescopes. “My num- 


ber-one concern is that 
these telescopes repre- 
sent 700 nights of peer- 
reviewed open-access 
time available to university 
researchers,” Silva says. 
Operating the instruments 
without NSF support 
would likely mean ending 
open access and dedicat- 
ing them to specific mis- 
sions such as the dark 
energy project. “It does 
disenfranchise a commu- 
nity” that has been using the telescopes for 
many years, Silva says. 

The panel authors say new telescopes 
should help to compensate for some of 
these losses. One of its recommendations is 
that NSF should start building the $665 mil- 
lion LSST in 2014. The money would come 
from a separate account outside the astron- 
omy division. 

It’s not just the defunded facilities that 
would suffer the consequences of a shrink- 
ing budget, Eisenstein says. “Most, ifnot all, 
aspects of the field will have to face some 
reductions,” he says. An across-the-board 
decline in research funding is inevitable: 
Even with the termination of funding to 
GBT, VLBA, and other telescopes, the panel 
projects a possible reduction in grants from 
the current level of $92 million per year to 
about $70 million a year later in the decade. 
—-YUDHIJIT BHATTACHARJEE 


Dinosaur Kingpin Opens Fossil Bonanza to Science 


PINGYI, CHINA—When Zheng Xiaoting 
read a report in Science 2 years ago argu- 
ing that Archaeopteryx and an ancient bird 
unearthed in China, Confuciusornis, were 
poor flyers, he was dubious. The Shandong 
Tianyu Museum of Nature here has more 
fossils of Confuciusornis, a crow-sized bird 
from the Cretaceous period 120 million 
years ago, than everywhere else in the world 
put together. Zheng, the museum’s director, 
acquired every one of Tianyu’s 606 Confu- 
ciusornis specimens himself. The Science 
paper argued that the central shaft, or rachis, 
of the bird’s primary feathers was too narrow 
for powered flight. But in the few specimens 
at Tianyu with an intact rachis, the shaft 
was twice as thick. In a comment in Science 
(15 October 2010, p. 320) authored with 
colleagues from the Institute of Vertebrate 
Paleontology and Paleoanthropology (IVPP) 


in Beijing, Zheng wrote that the claim that 
the birds were incapable of sustained flight 
needed to be “further evaluated based on 
newly collected, more accurate data.” 

Not bad for a high school dropout. 

Here in this small town in Shandong Prov- 
ince, an hour’s drive from the birthplace of 
Confucius, Zheng, 59, has single-handedly 
built one of the most important fossil collec- 
tions in the world. Ina complex dominated by 
a palatial main building resembling the Great 
Hall of the People in Beijing, Zheng has gath- 
ered at last count 1106 dinosaur specimens, 
including hundreds of feathered dinosaurs 
from northeastern China. “It’s an amaz- 
ing collection,” says IVPP Director Zhou 
Zhonghe. Another 2328 specimens are prim- 
itive birds, including the unrivaled assem- 
blage of Confuciusornis, named of course 
after the renowned philosopher. Having 


many specimens of relatively few species, 
Zhou says, means “you have a whole range 
of ages,” from hatchlings to adults, making it 
possible to view a species’ full life cycle and 
analyze it statistically. 

This treasure in the countryside is begin- 
ning to draw paleontologists from near and 
far. Zheng has forged collaborations with 
two research powerhouses—IVPP and the 
Nanjing Institute of Geology and Palaeon- 
tology—and helped found and now directs 
an institute at nearby Linyi University. Else 
Marie Friis, a paleobotanist at the Swedish 
Museum of Natural History in Stockholm, 
has visited twice to study Mesozoic plant 
specimens. Paul Sereno, a paleontologist at 
University of Chicago, has also come here 
two times to study Sinosauropteryx prima 
and Jeholosaurus, feathered dinosaurs from 
the early Cretaceous. One of the few orna- 
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ments on Zheng’s desk is a memento from 
Sereno: a 15-centimeter-long thumb claw of 
Suchomimus tenerensis, a 110-million-year- 
old meat-eating dinosaur that Sereno discov- 
ered in the Sahara Desert. 

Compared with most museums, which 
build up collections over decades, Tianyu rose 
to prominence in the blink of an eye. Zheng’s 
first love was rocks, and some of Tianyu’s 
most valuable holdings he acquired include 
uncut diamonds, the world’s largest turquoise, 
and other mineralogical wonders. He then 
started buying up fossils, until a national 
law introduced in 2008 clamped down on 
China’s fossil trade. Over 15 years, Zheng 
spent, by his own reckoning, 
360 million RMB—more than 
$50 million—on Tianyu’s 
holdings and the museum 
buildings, of which the entirety 
now belongs to the county. His 
biggest fossil splurge was an 
exquisite Anchiornis speci- 
men, a tiny birdlike dino- 
saur that lived 160 million 
years ago—around the time 
that birds branched off from 
dinosaurs—for which Zheng 
forked out about $150,000. “TI 
recognized immediately that it 
was unique,” he says. 

For that kind of spending 
spree, it wouldn’t hurt to own 
a gold mine. Or, in Zheng’s 
case, to have been director 
of a government-owned gold 


about the breathtaking fossils. Later that year, 
Zhou came to see for himself, and although 
at first he had trouble understanding the rapid 
talker with a thick Shandong accent, he was 
impressed. “For a nonprofessional, he’s an 
excellent researcher,’ Zhou says. If Zheng 
had amassed the fossil trove as a private col- 
lection, held to appreciate in value like art- 
work, the paleontological world would have 
been much poorer. “To me, the most impor- 
tant thing is that he is keeping these speci- 
mens safe,’ Zhou says. 

In a few short years, Zheng has built a 
publication record most Ph.D.s can only 
dream of. Feathers in his cap include reports 


mine. Zheng accrued Tianyu’s 
holdings during his years at 
the helm of the nearby Gui- 
laizhuang gold mine. When 


Birds of a feather. Zhou Zhonghe (foreground) and 
Zheng Xiaoting examine a feathered dinosaur fossil in 
Tianyu’s research wing. One of the more stunning speci- 
mens in the museum is this Protopteryx, an early bird 


a Shandong company took 
over the mine in 2007, Zheng 
retired to devote himself to the museum. He 
now spends his days examining fossils, dis- 
secting animals to study anatomy, and assem- 
bling skeletons of modern birds such as 
falcons and ostriches. “I compare him to a 
naturalist from the 18th century,’ Zhou says. 

An improbable one at that. In 1969, during 
the Cultural Revolution that devastated Chi- 
na’s education system, Zheng bailed out of 
school at age 16. “I was ready to join the army 
but my father wouldn’t let me,” he says. He got 
a job in a clothing factory. A model worker, 
Zheng ascended the Communist Party ranks, 
becoming party secretary of a town in Pingyi 
in 1988. Three years later, he got the plum job 
at Guilaizhuang and earned a fortune. 

Zheng burst onto the paleontology scene 
in 2008, after a retired [VPP professor, Dong 
Zhiming, visited Tianyu and reported back 


www.sciencemag.org SCIENCE 


from the Cretaceous. 


in Nature on an early Cretaceous dino- 
saur, Tianyulong confuciusi, with primitive 
featherlike structures and another on early 
feathers, and a report in the Proceedings of 
the National Academy of Sciences on fossil 
evidence of an avian crop from the early Cre- 
taceous. Zheng has a grant from the National 
Natural Science Foundation of China to study 
Jehol biota fossils from the early Cretaceous. 
And when China’s premier dinosaur hunter, 
IVPP’s Xu Xing, described a new feath- 
ered dinosaur from one of Tianyu’s Jurassic 
specimens in Nature last year, he named it 
Xiaotingia zhengi after the museum’s patron. 
The birdlike dinosaur may have lasting sig- 
nificance. Based on the find, Xu argues that 
Archaeopteryx and X. zhengi resemble two 
carnivorous dinosaurs, velociraptor and 
microraptor, more than birds, so Archaeop- 
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teryx in fact was not the first bird—a hotly 
debated claim. 

Tianyu is a study in superlatives. In one of 
the museum’s public halls, visited by 90,000 
people last year, several dozen fossilized 
nests are arrayed in a low glass case several 
meters long and a few meters wide. “I’ve 
never seen so many dinosaur egg nests,” Zhou 
says. Another room is filled with ichthyosaurs 
and other Mesozoic marine reptiles. Tianyu’s 
28,000 square meters of exhibition space 
brag of six Guinness World Records, includ- 
ing biggest dinosaur museum, the largest 
Sinosauropteryx specimen (3.8 meters long), 
largest amethyst geode (3 meters long), and 


the longest silicified tree trunk (38 meters 
long). Its 338.6-carat diamond is the largest in 
Chinese history. Then there is the world’s big- 
gest cache of crinoids, 35-million-year-old 
marine echinoderms whose fossils resemble 
delicate flowers. 

To Zhou, some of the most eye-popping 
specimens are in the research wing. [VPP 
scientists, he says, could spend years pick- 
ing through Tianyu’s treasures. “Hundreds 
of papers will come out of this museum,” he 
predicts, on finds such as dinosaur—bird tran- 
sition species and on feather development. 
That assessment is based on Tianyu’s current 
magnificent holdings—which are unlikely to 
multiply by much. As Zheng says, smiling, 
his arms spread wide and hands palms up, 
“T’ve run out of money.” 

-RICHARD STONE 
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New Method Puts Elusive Indo- 
European Homeland in Anatolia 


Among all the world’s language families, 
Indo-European is by far the most global. 
Today its more than 400 languages are 
spoken by some 3 billion people on every 
inhabited continent. But who were the first 
Indo-European speakers, and where did they 
come from? Researchers have argued fiercely 
over two major competing candidates: Neo- 
lithic farmers who carried their agricultural 
know-how with them as they pushed out 
from Anatolia, chiefly in modern Turkey; or 
Bronze Age horse masters from the Eurasian 
steppes, who spread into Asia and Europe 
with advances such as the wheel. 

Now an international research team has 
borrowed a computational approach from 
biology to shed new light on the problem. 
Using models originally created to trace 
the origins of viral pathogens, such as avian 
influenza, during outbreaks, evolutionary 
psychologist Quentin Atkinson of the Uni- 
versity of Auckland in New Zealand and his 
colleagues report on page 957 of this issue 
that they have found decisive support for the 
Anatolian hypothesis. “I think we’ve put for- 
ward the best case yet for where the Indo- 
European languages came from,” Atkinson 
says. “And we’ve also shown that languages 
can be used to retrace human history in both 
time and space.” 

If the findings stand, they hold key impli- 
cations for everything from human migrations 
to the role of agriculture in ancient language 
expansion. “This is a major breakthrough,” 
says archaeologist Colin Renfrew of the Uni- 
versity of Cambridge in the United Kingdom. 
But in this divisive field, the team’s methods 
and findings are already drawing fire. “This 
article raises more questions than making 


substantive points,” says archaeologist David 
Anthony of Hartwick College in Oneonta, 
New York. “There are a lot of curious and sur- 
prising results that they don’t explain.” 

Charles Darwin noted in 1871 that lan- 
guages, like plants and animals, could be 
classed into related groups. Each language 
arose only once, in one place, and modern 
languages descended with modification from 
ancestral ones. The proofs of language and 
species evolution “are curiously parallel,” he 
wrote in The Descent of Man. 

Atkinson and colleagues applied Dar- 
win’s analogy to the Indo-European language 
family, which includes varied but related 
tongues such as English, Italian, Alban- 
ian, Persian, and Hindi. Linguists have long 
sought clues to the origins and spread of 
these languages by analyzing their vocabu- 
lary, sounds, and grammar, and by studying 
the archaeology of ancient migrations. Evi- 
dence marshalled by Renfrew in the 1980s 
suggested an Anatolian homeland, the same 
land from which the first farmers spread 8000 
or 9000 years ago. But recent archaeological 
and linguistic data have pointed to an origin 
on the steppes north of the Black and Caspian 
seas, where seminomadic herders known as 
the Yamnaya expanded into Europe and Asia 
with domesticated horses and wheeled carts 
beginning perhaps 5000 years ago. 

Enter Atkinson and a research team 
drawn largely from the fields of biology, 
computer science, and psychology. They 
focused on vocabulary, specifically the gain 
and loss of cognates, or words in related 
languages—such as “mother” in English and 
“mutter” in German—that stem from a sin- 
gle ancestral root. The team used cognates 


Ground zero? With tools from the study of virus out- 
breaks, a team traced Indo-European languages to an 
ancestral homeland chiefly in modern Turkey (red). 


from other studies on 103 ancient and mod- 
ern Indo-European languages. They con- 
sidered this data set analogous to molecular 
sequence data, with the rate of cognate gain 
and loss akin to the rate of nucleotide substi- 
tution in viral evolution. 

Atkinson’s team also added published 
data on the geographical ranges of all 103 
languages, plus historical dates for language 
divergence, such as the breakup of the Roman 
Empire, which triggered the evolution of 
Romance languages from a type of Latin. The 
computer model then worked back in time, 
inferring possible ancestral relationships and 
patterns of diffusion, and generating possible 
homelands. Then the team compared “how 
often the origin locations fell into the range 
proposed for the Anatolian theory versus the 
Steppe theory,’ Atkinson says. The Anatolian 
hypothesis won hands down. 

The analogy to virus evolution is “clever 
and insightful,” says linguist Paul Heggarty 
of the Max Planck Institute for Evolution- 
ary Anthropology in Leipzig, Germany, who 
thinks the study will prompt other linguists 
to try the method. He says the study will give 
supporters of the Steppe hypothesis “plenty 
of explaining to do.” 

Other researchers, however, take strong 
issue with the findings. Anthony notes that 
Atkinson and his colleagues limited their 
study to vocabulary, just one of three sub- 
sets of linguistic data, “something you are 
really not supposed to do,” he says. In addi- 
tion, the authors rooted their model in geog- 
raphy mainly using modern distributions of 
languages. “The results don’t tell you much 
about the past,’ Anthony concludes. 

The paper makes many inferences on 
matters such as the rates of language change 
and how languages diffuse, says Victor Mair, 
a Chinese language expert at the University 
of Pennsylvania. “There is so much about 
this paper that is arbitrary,” he says. By com- 
parison, he says, the Steppe hypothesis “‘is 
based heavily on archaeological data such as 
burial patterns, which are directly tied to dat- 
able materials.” 

Atkinson counters that archaeologists 
struggle to link their finds to particular cul- 
tures. “Peering back into human prehistory 
is not easy,” he says. “It’s like holding a dim 
candle over a dark abyss, and you need to use 
every piece of information that you can.” 

—HEATHER PRINGLE 


Heather Pringle is a contributing editor at Archaeology 
magazine. 
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Calling All Baby Boomers: Get Your Hepatitis C Test 


In addition to rock ‘n’ roll, drugs, sexual lib- 
eration, and shaggy hair, baby boomers can 
also lay claim to the hepatitis C virus (HCV) 
as a defining feature of their generation. A 
report issued by the U.S. Centers for Disease 
Control and Prevention (CDC) last week rec- 
ommended that all Americans born between 
1945 and 1965 be tested for the virus. 

An estimated 2.7 million to 3.9 million 
people in the United States are infected with 
this liver-damaging—and sometimes lethal— 
virus. Many HCV-infected people do not 
know they carry the virus. CDC calculates that 
roughly 75% of the infected population comes 
from the baby boomer generation: 3.25% of 
people born in that “birth cohort” test positive 
for HCV, which is five times higher than the 
rate in adults born before 1945 or after 1965. 
Males are twice as likely to 
be infected as females, and 
the prevalence in black males 
(8.12%) far exceeds that in 
white (4.05%) and Mexican- 
American males (3.41%). 

After evaluating several 
U.S. birth cohorts over the 
past 4 years, CDC has deter- 
mined that universal test- 
ing of baby boomers is the 
most cost-effective strategy 
for detecting undiagnosed 
HCV infections. “We don’t 
think every [baby boomer] 
needs to run out and see their 
primary care provider and 
get tested immediately, but 
they shouldn’t put this off 
for years either,’ says CDC 
social scientist Bryce Smith, 
the lead author of the recom- 
mendations, published in the 
17 August issue of Morbidity and Mortality 
Weekly Report. “The sooner it can happen, the 
more lives we’ll be able to save.” 

“The new recommendation is a big step 
forward from a public health perspective,” 
says David Thomas, who is head of infec- 
tious diseases at Johns Hopkins University 
School of Medicine in Baltimore, Maryland. 
“Even if you come up with a 100% success- 
ful therapy, it’s not going to make much of a 
difference if 60% of the people who need it 
aren’t getting it.” 

Thomas, who specializes in HCV, says it’s 
essential that infected people who learn their 
status receive proper medical care. “That’s 
the factor that will determine whether this 
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[recommendation] has a transformative 
effect in our national response to hepatitis C 
virus,” he says. 

There are many unknowns about HCV, 
from its routes of transmission to its epidemi- 
ology. HCV wasn’t identified until 1988, and 
the surveillance system for the virus remains 
patchy. Still, CDC estimates that during the 
1980s, HCV infected 230,000 Americans 
each year. It mainly spread through contam- 
inated blood and blood products; injecting 
drug users, transplant recipients, and hemo- 
philiacs were especially hard hit. HCV causes 
cirrhosis in about 20% of people infected for 
longer than 20 years—many need liver trans- 
plants to survive—and it’s the leading cause 
of liver cancer in the United States. In the 
24 years since the virus was identified, toxic 


Status seekers. A major 
push is under way to find 
and treat adults infected 
with hepatitis C virus 

(pictured). 


and expensive drug treatments have cured the 
infection in a small percentage of infected 
people. Recently, new, powerful, and safer 
antiviral drugs have come to market that 
promise to have a much broader impact. There 
isno HCV vaccine. 

Several factors led to a steep drop in cases 
after 1992, the year an HCV blood test was 
introduced. The blood test virtually elimi- 
nated spread through transfusions and blood 
products. Injecting drug users also saw declin- 
ing new infection rates because the virus had 
“saturated” that population and also because, 
in the wake of the booming HIV epidemic, 
many communities began needle and syringe 
exchange programs to make injection safer. In 
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2010, the estimated number of new infections 
in the country was only 17,000. 

Some 45% of people who learn they are 
infected report no known risk factor for 
acquiring HCV. Harvey Alter, a hepatitis C 
specialist who heads infectious disease at the 
National Institutes of Health’s Clinical Center 
in Bethesda, Maryland, says his studies have 
shown that up to half of the people with “no 
known risk factor” previously did share nee- 
dles while injecting drugs. “Direct question- 
ing about such private practices has not been 
effective in the clinical setting,” Alter says. 
“Adding this age-based, nonjudgmental sur- 
rogate approach to the identification of HCV 
carriers should identify a significant num- 
ber of silent carriers who might benefit from 
increasingly efficacious antiviral therapies.” 

HCV can cause infec- 
tions in surprising ways, 
too. The virus can live out- 
side the body for a week. 
HIV, in contrast, dies within 
minutes outside the body. 
“Hepatitis C is a very hardy 
virus,” Smith notes. That 
means HCV transmis- 
sion can occur by sharing a 
toothbrush, razor blade, or 
a straw to snort drugs. The 
virus can also spread from 
infected mother to child and 
via unsterile tattoo needles. 
Researchers still debate the 
importance of sexual trans- 
mission, although people 
who report having had more 
than 20 partners have a 4.5- 
fold increased risk. “We’re 
not sure if it’s due to the sex- 
ual behavior itself or if it’s a 
proxy for other behaviors,” Smith says. 

Until 2011, HCV treatment relied on 
at-interferon, which has serious side effects, 
and ribavirin, drugs that work by indirect 
and somewhat fuzzy mechanisms. That year, 
two protease inhibitors came to market that 
directly attack the virus, and cure rates have 
doubled in infected people who have used 
them. Ongoing clinical trials with 20 other 
so-called direct-acting antiviral drugs have 
had even more impressive results against 
HCV, and researchers have high hopes that 
curing this devastating disease will become 
routine—but only if people know they are 
infected and seek treatment. 

-JON COHEN 
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The Great Guppy 


Experiment 


A tiny fish is showing how ecological and evolutionary forces 
interact to shape the world we live in 


GUANAPO RIVER VALLEY, TRINIDAD AND 
TOBAGO—David Reznick is on a first name 
basis with the hundreds of guppies living in 
a stretch of the Taylor River, a tropical moun- 
tain stream in Trinidad’s Northern Range. 
Ditto for populations of these tiny fish in three 
other nearby streams, all headwaters of this 
Caribbean island’s Guanapo River. For the 
past 4 years, this evolutionary biologist from 
the University of California, Riverside, and 
a cadre of dedicated interns and colleagues 
have made monthly treks up these streams 
to follow the lives of the guppies. They have 
learned how fast each fish grows, where it 
spends its time, and, thanks to genetic tests, 
who its descendents are. 

This intimacy, along with detailed stud- 
ies of the streams themselves, is helping to 
answer a key biological question: What is 
the interplay between ecology and evolu- 
tion in shaping how both a species and its 
environment change through time? “They 
are looking at everything from the changes 
in the guppies up to the ecosystem,” says 
Stephen Ellner, an ecologist at Cornell Uni- 
versity. Others are also looking for these 


sorts of effects (see sidebar, p. 906). But 
“there’s been nothing like it with such thor- 
oughness and detail.” 

But the pioneering, $5 million ““eco-evo” 
experiment hasn’t always flowed smoothly. 
An unexpected guppy baby boom forced 
Reznick’s team to scramble to find more 
work space and help, and the researchers 
have had to cope with flash floods and vora- 
cious army ants. And now that results are 
starting to come in, the project is running low 
on money. Nonetheless, “it’s already a classi- 
cal study,” Ellner says. 


Rapid evolution 
One morning this past June, Reznick steered 
a Suzuki Jeep along a steep, winding road 
into his study site at the top of the Guanapo 
watershed. Just 2 years ago, the condition of 
the road—which saves an hour’s walk—was 
so bad that researchers and local residents 
spent 3 days resurfacing part of it with pitch 
to make it passable. Now, the entire road is 
sorely in need of repair, and Reznick worries 
that it won’t last much longer. 

Reznick, 60, has been doing research in 


Gone fishing. In Trinidad, 
a’mark-recapture study 

of guppies is testing the 
connections between 
evolution and ecology. 


Trinidad for nearly 35 years. In 1978, he was 
a fourth-year graduate student at the Univer- 
sity of Pennsylvania studying mosquito fish 
in New Jersey when he heard another sci- 
entist talk about the island’s guppies. Soon, 
Reznick had persuaded his thesis commit- 
tee to let him travel here for a project that 
changed the trajectory of his career. “I always 
wanted to work in the tropics,” says Reznick, 
who still has a childlike enthusiasm about the 
island’s plants and animals, particularly frogs 
and snakes. Many evenings after the work is 
done, he heads into the bush, tracking down 
the peeps and croaks of tree frogs. 

He wasn’t the first scientist to be capti- 
vated by Trinidad’s guppies—or the possi- 
bility of using the island’s steep mountain 
streams as a natural laboratory. Beginning in 
the late 1940s, independent biologist Caryl 
Haskins helped bring ecological genetics to 
life by exploring how ecological conditions 
influenced color variations among Trinidad’s 
guppy populations. He discovered that, as one 
moves upstream along the rivers and their 
tributaries, the fish communities get simpler. 
Lower reaches have guppies and other fish, 
such as cichlids, that hunt guppies. But these 
predators can’t make it upstream past water- 
falls, so middle stream reaches tend to har- 
bor just guppies and killifish, an omnivore 
that only sometimes eats guppies. And in the 
headwaters, Haskins found that not even gup- 
pies were present, just killifish, which are able 
to hop out of the water and climb up seem- 
ingly impassable falls. Most importantly, 
Haskins showed that male guppies from the 
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downstream, high-predation communities 
had duller colors than fish in the upstream, 
low-predation stretches, presumably to be 
less attractive to predators. 

During the 1970s, Haskins’s findings 
prompted John Endler, now at Deakin Univer- 
sity, Geelong Waurn Ponds Campus, in Aus- 
tralia, to try follow-on experiments: He took 
some of those downstream, dull guppies and 
moved them upstream into a low-predation 
environment. Within about five generations, 
the fish evolved brighter color patterns. 

Such findings helped add heft to con- 
ceptual work done in the 1960s 
by ecologist David Pimentel of 
Cornell University. At the time, 
the fledging field of evolution- 
ary ecology considered ecology 
to be the template that shaped 
evolution. Pimentel had a dif- 
ferent idea. He proposed that 
ecology and evolution were like 
two actors in a play, constantly 
interacting and influencing each 
other. For example, he suggested 
that as organisms increased in 
number in a given environment, 
they consumed local resources, 
reducing what was available to 
support population growth. This 
change altered the selection 
pressures exerted by the envi- 
ronment, which in turn altered 
the organism’s evolutionary 
course. Pimentel’s experiments 
with house flies and parasitoid 
wasps bore out his idea, but “he 
didn’t gain any traction at all,” 
Reznick says. 

One problem was that most 
biologists thought evolution hap- 
pened too slowly to observe in 
nature, so they didn’t try. “Peo- 
ple didn’t see evolution as a con- 
temporary process,” Reznick 
says. But in 1978, when Reznick 
heard Endler describe his work 
translocating guppies in Trini- 
dad’s streams, he had an epiph- 
any: “His system was perfect 
for studying rapid evolution.” 
The Trinidad guppies potentially 
reproduced quickly enough— 
producing up to four generations 
per year—to exhibit evolution- 
ary changes in just a few years. 

Soon, Reznick had con- 
vinced his thesis committee to 
let him go to the island to test 
one theory: that fish exposed 
to an abundance of predators 
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should evolve to mature faster, at a smaller 
size, and put more resources into repro- 
ducing more young more often. He spent 
21 days collecting fish from 20 locations, 
bringing five groups of guppies back to the 
lab. Ultimately, he showed that the higher- 
predation guppies evolved as predicted, and 
that the changes were due to fundamental 
genetic shifts and not just short-term expo- 
sure to a new and different environment. 
The Trinidad studies weren’t the only 
ones suggesting that evolution could happen 
on an observable time scale. Over the course 


Guppy hunter. For 35 years, David Reznick has used isolated stretches of Trini- 
dad's tropical streams as natural laboratories to test ideas about evolution by 
transferring and studying guppies. 
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of their several-decade study, Peter and 
Rosemary Grant of Princeton University 
had observed rapid changes in the size and 
shape of the beaks of Darwin’s finches on the 
Galapagos Islands. Beaks varied from year 
to year, depending on how weather, partic- 
ularly droughts, changed the types of seeds 
available for birds to eat. Soon, Reznick— 
who was by then a researcher at the Acad- 
emy of Natural Sciences of Philadelphia in 
Pennsylvania—was following up with more 
studies in Trinidad that involved transplant- 
ing guppies into new stream environments 
and observing the changes over 
4 to 11 years. The studies pro- 
vided “an experimental test of 
evolution in nature,” he says. 

While Reznick was chasing 
his guppies, Cornell University 
ecologists Nelson Hairston and 
Ellner were following evolu- 
tion from a different perspective. 
In the lab, they set up a model 
ecosystem that included micro- 
scopic freshwater organisms 
called rotifers and either one or 
two strains of their algal prey. 
In 2004, they monitored this 
enclosed environment, tracking 
the rise and fall in the abundances 
of the rotifers and algae. The roti- 
fers preferred to eat one strain 
of algae, and so over time they 
changed the relative abundance 
of the two strains. Ultimately, 
the algae population “evolved” 
to have the genetic background 
of the less tasty strain. That shift, 
in turn, changed the ecology of 
the system by altering predator- 
prey dynamics. The experiment 
neatly demonstrated Pimentel’s 
concept: “Eco” and “evo” acted 
together to stage an unfold- 
ing biological play. Observers 
“couldn’t explain the [ecologi- 
cal] dynamics without under- 
standing what’s going on with 
the evolution in the system,” says 
David Post, a community ecolo- 
gist at Yale University. 

Reznick wondered whether 
he might be able to document 
similar eco-evo interactions 
among transplanted guppies in 
his natural streams. In 2005, he 
decided to pull out all the stops 
to try to find out. He recruited 
ecosystem experts, geneticists, 
theorists, and population biolo- 
gists to help develop a proposal 
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Eco-Evo Effects Up and Down the Food Chain 


A decade ago, few ecologists factored evolution into their studies. How 
species changed overtimewasimportant, butithappenedtooslowlyto beworth 
considering as they sought to understand ecosystem processes today. That 
attitude, however, is changing. Using guppies living in natural streams (see 


main text, p. 904) and other organisms, research- 
ers are exploring links between evolution and 
ecology in a number of different settings, doc- 
umenting interconnections that extend down 
to genetic changes. “It’s a very dynamic field,” 
says Andrew Hendry, an evolutionary biologist at 
McGill University in Montreal, Canada. “Everyone 
is getting involved.” 

In one notable example, David Post is focus- 
ing on how the alewife, a fish that lives in lakes in 
eastern North America, shapes and is shaped by 
its freshwater ecosystem. The community ecolo- 
gist from Yale University and his colleagues have 
shown how these so-called eco-evo effects can 
ripple across a food web in unexpected ways. “It’s 
one of the best examples of how ecology and evo- 
lution interact in a contemporary time frame,” 
Hendry says. 

Post's work follows in the footsteps of two 
other Yale researchers, John Langdon Brooks and 
Stanley Dodson. In 1965, they showed the key 
role that alewives (Alosa pseudoharengus), which 
grow to 25 centimeters, play in determining the 
makeup of lake zooplankton, particularly Daph- 


nia, tiny crustaceans commonly known as water fleas. Typically, alewives are 
anadromous: They spend their adult lives in the Atlantic Ocean. Each spring, 
the fish swim up coastal streams from Nova Scotia south to the Carolinas into 


and in 2006 won a $5 million grant from the 
U.S. National Science Foundation’s (NSF’s) 
Frontiers in Integrative Biological Research 
program to carry out the experiments. His 
plan: to mimic natural migration patterns by 
transplanting guppies into stream reaches 
that didn’t previously harbor the fish. “I’m 
taking the results from theory and lab studies 
and asking, ‘Are they important in nature?’” 
Reznick says. 


Eco-evo test bed 

At the end of the potholed road, Reznick 
parks the Jeep and walks along an old plan- 
tation trail, overgrown to a narrow path 
and flanked by tall cocoa and coffee trees. 
It ends on the banks of the Guanapo River, 
whose tributaries are at the heart of his eco- 
evo test bed. Reznick starts sloshing his way 
upstream. “We wind up walking in the riv- 
ers,” he says. Boots with studded soles are 
the shoe du jour. At times the water is chest 
deep. Some places require the researchers to 
clamber up small waterfalls, often with two 


Ripple effect. Both prey and predator, Daphnia 
affect lake food web dynamics. 


butterfly nets and a backpack full of water 
bottles in tow. (The bottles are used to take 
live guppies back to the lab.) 

The Taylor is one of four streams that 
Reznick and his colleagues picked from more 
than a dozen candidates for their study, which 
began in 2008. Each has a 100- to 180-meter 
stretch of relatively flat water between two 
waterfalls that serve as barriers to fish migra- 
tion. Prior to the experiment, the stream seg- 
ments had no guppies, just killifish. 

Before seeding each stretch with 40 male 
and 40 female guppies derived from a high- 
predation site downriver, ecologists care- 
fully documented the ecosystems. They 
characterized the killifish and invertebrates, 
looked at primary productivity, measured 
the standing algal crop, and even took into 
account the organic contributions of leaves 
falling into the stream. At two streams, they 
also removed some of the overhanging can- 
opy, increasing the amount of available light, 
potentially an important ecological variable. 
Then, every month, they began repeating 


lakes for a few weeks to mate and spawn. The young spend the summer and 
fallin fresh water before they head out to sea again. 

That cycle has profound implications for a lake’s population of Daph- 
nia, which are usually the dominant zooplankton. The newly arrived alewives 
and their young are hungry and feast on the water fleas. “They are a slash- 
and-burn fish,” Post says. Daphnia populations are not restored until the 


following spring, when eggs resting in the lake 
bottom hatch. 

About 300 years ago, however, the building 
of dams stranded some alewives in lakes, creat- 
ing landlocked populations. More than 40 years 
ago, Brooks and Dodson showed the Daphnia 
had all but disappeared from those lakes. The 
landlocked alewives were left with smaller prey 
and, consequently, have evolved smaller mouths 
and smaller gill rakers inside their mouths that 
are better suited to catching those prey. That 
shift itself likely reflects how ecological change 
imposed by the alewife led to an evolutionary 
change in the fish. 

But Post and postdoctoral fellow Matthew 
Walsh decided to go a step further: They looked 
at whether the ecological impact of the alewife 
on the Daphnia had evolutionary consequences 
for the Daphnia as well. Walsh collected eggs 
from the sediments of lakes with landlocked ale- 
wives, as well as lakes that were still connected 
to the sea and those that had no alewives at all. 
Then, he raised several generations of Daphnia in 
the lab. He found genetically based differences: 


Daphnia from lakes with anadromous alewives grew faster, matured sooner, 
and produced many more offspring than Daphnia from landlocked or ale- 
wife-free lakes. “There was an overall shift in life history evolution,” says 


their measurements—and capturing and 
releasing the guppies in order to monitor 
changes in both individual fish and the pop- 
ulations as a whole. 

It’s a laborious process. Three days 
before the Jeep trip, field manager William 
Roberts and several interns had trekked up 
to the Taylor River on a fishing expedition. 
Using a tape measure, they marked off dis- 
tinct pools, riffles, and side pools. Then, with 
butterfly nets, they caught every fish they 
could see in each section and transferred the 
fish to marked Nalgene bottles filled with 
river water for the 2-hour trip back to the 
lab. The anglers had to stay out of the water 
to avoid disturbing the stream’s ecology, so 
the netting took some creativity. “You have 
to contort your body into funny positions,” 
Roberts says. It’s not unusual, he says, to 
find someone draped over a rock reaching 
into a pool. And, 2 years ago, the collectors 
had to scramble to rescue their bottled fish 
from a flash flood that threatened to sweep 
away their research subjects. “Now we pay 


24 AUGUST 2012 VOL337 SCIENCE www.sciencemag.org 


Published by AAAS 


LAB/YALE UNIVERSITY 


= 
i) 
ie) 
a 
E 
a 


w 
oO 
1S) 


Downloaded from www.sciencemag.org on August 26, 2012 


CREDITS: (LEFT) POST LAB/YALE UNIVERSITY; (RIGHT) GEORGE GRALL/GETTY IMAGES. 


Walsh, who is now based at the University of Texas, Arling- 
ton. In undammed lakes, the strategy allows Daphnia popu- 
lations to thrive in early spring and deposit plenty of resting 
eggs before hungry alewives arrive, Walsh and Post reported 
in 2011. 

This ecologically induced evolution in turn has another 
ecological effect. The spring population explosion of Daphnia 
takes a serious toll on the algae the water fleas eat, in turn 
shaping overall ecosystem function, Walsh and his colleagues 
reported in the 23 May issue of the Proceedings of the Royal 
Society B. Walsh grew Daphnia in large 56-liter tubs stocked 
with algae and monitored the growth of both the algae and the 
Daphnia, as well as the primary productivity of the tubs. In the 
tubs with Daphnia from lakes that harbored seasonal alewives, 
there was a rapid and sharp decline in the phytoplankton popu- 
lation that also caused the clarity of the water to improve. At the same time, 
primary productivity dropped by 32%. Those changes did not occur in tubs 
with water fleas from landlocked and alewife-free lakes. “More and more 
studies are showing that evolution can have strong effects on ecology,” says 
Patrik Nosil, an ecologist at the University of Sheffield in the United King- 
dom. Whether these ecological changes in turn affect evolution in the phy- 
toplankton remains to be determined, Walsh says. 

Meanwhile, Post and postdoc Jakob Brodersen have now looked in a dif- 
ferent direction along the food web. Chain pickerel are a native predator 
in eastern North American lakes, lurking close to shore to catch other fish. 
For a year, Post and his 
colleagues intensely 
sampled 10 lakes, 
three with landlocked 
alewives, three with 
seasonal alewives, and 
four with none. To their 
surprise, they found 


Voracious youngsters. In lakes, 
young alewives devour all the Daphnia. “dj 
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Opportunist. Chain pickerel have moved offshore in lakes with landlocked alewives. 


pickerel in the middle of landlocked lakes, far from their usual shoreline 
lairs. These fish were not just passing through, either. They tended to have 
a deeper body and a slender head compared to their counterparts close to 
shore, and their stomachs were full of alewives. Carbon-isotope ratios in 
the pickerels’ tissues, which can differ depending on whether the fish has 
an offshore or inshore diet, indicated that these pickerel are offshore resi- 
dents, Post reported last month at the First Joint Congress on Evolutionary 
Biology in Ottawa. That's important because it suggests that the change in 
the alewives’ life history—to a landlocked population—has rippled out to 
affect the pickerel. 

“We believe they are undergoing a novel niche shift,” Post says. Pickerel 
probably don’t hang out in the middle of lakes with seasonal alewives, he 
notes, because the prey disappear each fall. But in landlocked lakes, there 
appears to be an advantage to heading out to the lake’s middle: Offshore 
pickerel had a higher fat content than inshore pickerel, suggesting they have 
found a better way of making a living. 

Hendry says the alewife system is a “particularly elegant example” of “how 
evolutionary and ecological effects cascade throughout the food web.” —E.P. 


more attention to the weather,” Roberts says. 

Once the collecting was done, the 
researchers hauled the now-25-kilogram 
packs back to the lab, a covered veranda in 
the back of the house where they live. There 
they transferred the fish to a series of aquaria 
lining a wall. Now, however, processing the 
fish is delayed. As rain pours down outside, 
army ants invade the lab, covering the floors 
and walls in black streams and devouring 
termites that have flown into the room the 
night before as part of their breeding migra- 
tion. An unlucky gecko that strays into the 
ants’ path is also gobbled up. By midmorn- 
ing, the ants are gone without a trace and the 
interns set up an assembly line. 

Reznick, eager to help, anesthetizes 
each fish and then hands it off to an intern, 
who puts it under a microscope to check for 
identifying tattoos. (When a guppy reaches 
14 millimeters, the researchers inject two 
microscopic dots of colored plastic under 
its skin. There are 12 colors and eight pos- 
sible injection points, creating enough com- 


binations to give thousands of fish a unique 
tattoo.) Fish that aren’t yet marked get a tat- 
too, and workers take three scales for DNA 
sequencing. They weigh and photograph the 
fish, and add information on any distinguish- 
ing characteristics to a master data sheet. 
There is a sense of urgency, as the research- 
ers try to minimize their handling of the fish 
and get them through the process quickly 
before they wake up. Finally, the research- 
ers are ready for a return trip to the Taylor, 
where they will release the fish into the same 
sections where they were caught. 


Guppy boom 

Early on, the grand guppy experiment almost 
became a victim of its own success. At first 
the numbers were manageable—popula- 
tions in each stream grew to about 300 the 
first year. But by 2009, one stream had 1600 
fish and by 2010, it had 2600. Populations in 
other streams were also exploding. Reznick 
got a panicked call from Andrés Lopez- 
Sepulcre, the postdoc in charge of the cen- 


sus. “We didn’t have the means to deal with 
that scale of fish,” Reznick recalls. But they 
scrambled to hire more people and devel- 
oped the high-speed production line. Now, 
the team has dossiers on 30,000 fish (about 
15% of which are currently alive). For each, 
“We have a personal history, where it lives, 
who it lives with, what its weight gain is,” 
Reznick says. 

The rich database is giving the research- 
ers a detailed look at how the eco-evo script 
is playing out for the Trinidad guppies. The 
guppy population explosion, for exam- 
ple, meant fish numbers in the test streams 
reached densities 10 times higher than those 
in the high-predation stream where the 
guppies originated. The denser popula- 
tions led to changes in the amount and type 
of available food, and within three genera- 
tions, the fish had begun to shift to differ- 
ent reproduction and growth patterns. For 
example, instead of growing fast and matur- 
ing young, as guppies in high-predation 
streams do, males are now older and larger 
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at maturity. “We can see them changing 
their environment and evolving,” Reznick 
says. “The question is whether they are 
imposing selection on themselves and help- 
ing to transform the great-grandchildren 
into low-predation guppies.” 

The fish are also affecting the ecology of 


set up 16 small artificial streams. “We put 
in different combinations of guppies from 
low- and high-predation streams and ask 
how the ecosystem changes over time,” 
Reznick explains. 

As the stream ecosystems shift, the 
new environments favor guppies with dif- 


No easy task. Monthly, researchers hike up to test streams to capture all the guppies (inset) there. They bring 
the live fish to the lab to weigh and photograph, then put them back into the streams. 


their new homes. In the test streams, certain 
invertebrates, such as midges and mayflies, 
have become less abundant. Also, it seems 
that adding guppies increased primary pro- 
ductivity a little. And guppies have reduced 
the number of small killifish, as they eat or 
outcompete the newborns. “Guppies are in 
the process of changing their environment 
in all four streams,” Reznick says. 

To help clarify how the fish influence 
stream ecology, Reznick’s team has also 


ferent traits, such as body shape and col- 
oration, from those of their ancestors. 
To distinguish which of these traits are 
genetically based and which are influ- 
enced by the environment, once a year the 
researchers collect young guppies from 
each test stream and their source river. 
They bring these populations back to the 
lab to be raised in identical aquarium envi- 
ronments for two generations (essentially 
controlling for environmental factors). One 


finding from such studies is that the over- 
hanging canopy appears to be playing a 
role: In streams with an intact canopy, and 
thus more limited light and plant growth, 
“we can see the evolution of male age 
and size at maturity occurs more quickly,” 
Reznick says. The males are maturing later 
in life and at larger sizes than those living in 
the two streams where researchers pruned 
the canopy. 

The DNA taken from the scales is also 
enabling the scientists to glean details 
about reproductive success. Geneticist Paul 
Bentzen of Dalhousie University in Halifax, 
Canada, is using DNA markers to build 
guppy pedigrees that identify who mated 
with whom and the offspring. What they 
know so far is that there was a wide variation 
in reproductive success among the founding 
40 females. After 4 months, numbers of their 
surviving young ranged from 0 to 16. Males 
also varied in their success. 

By looking for shifts in how many off- 
spring each male and female produces, 
Reznick hopes to detect eco-evo effects. 
Theory suggests that if eco-evo forces are 
at work, then selection should be weak at 
first—most females should be able to repro- 
duce successfully—and become stronger 
over time, as the guppies modify their envi- 
ronment by using up resources. At that point, 
most females should have no offspring and a 
few should have many. 

Reznick is convinced the guppy proj- 
ect will eventually put the spotlight on such 
compelling eco-evo examples. But he’s wor- 
ried the story might go unfinished. The NSF 
program that is funding the work has ended, 
and Reznick is uncertain how he will con- 
tinue the monthly mark-and-recapture stud- 
ies beyond 2012. He’s already started using 
personal funds and frequent-flyer miles to 
stretch budgets. It’s an unfamiliar situation 
for the researcher, who has been continu- 
ously funded by NSF since 1978. He’d like 
to continue his work in Trinidad for another 
decade, estimating that’s how long it will 
take to nail everything down. “We know that 
guppies are ecosystem engineers,” he says, 
but “we’re only partway to showing that the 
way guppies adapt to their environment is 
part of that impact.” 

Other researchers also worry that fund- 
ing issues could bring the curtain down on 
the Trinidad project too early. “Things are 
going to start happening in the next 5 to 
10 years,” predicts field manager Roberts. 
“It’s been going on for such a long time, it 
would be kind of a waste to stop what we 
are doing.” 

—ELIZABETH PENNISI 
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ARCHAEOLOGY 


Economic Crisis Forces Spanish 
Archaeology to Rethink Its Roots 


After riding high for a decade, commercial archaeology in Spain faces a crisis in the 


wake of a real estate and economic bust 


In 2007, Spanish archaeologist Tina Herreros 
and her company dug up a prize in the city 
of Valencia: a unique, 1-meter-tall marble 
statue of the goddess Fortuna from the 2nd 
or 3rd century C.E. The statue was unearthed 
in the ancient Roman necropolis of La Boa- 
tella as part of a major, 5000-square-meter 
dig her crew had undertaken at a site where 
a three-story parking garage and housing 
complex were about to be built. The Dama 
de La Boatella, as the statue is 
now known, heralded good for- 
tune for Herreros’s company. The 
10-month project employed eight 
archaeologists, 60 field workers, 
and three drafters, and bumped 
the company’s revenue to about 
€1 million that year. 

But the statue didn’t bring last- 
ing luck. The burst of the property 
bubble and the economic crisis 
have since brought construction 
in Spain to a standstill and essen- 
tially halted new digs. Today, 
Herreros has let go all of her staff 
members and is making do with 
minor prospecting in rural areas. 
Commercial archaeologists have 
“been the first to start paying for 
the crisis, because the payments 
started to run short, and then the projects 
started to run short,” she says. 

The real estate boom and economic 
bonanza were the foundation of commercial 
archaeology in Spain. The country has many 
precious remains, from the ancient hominins 
of the Atapuerca Mountains—where fos- 
sils were first discovered when digging for a 
railway—to cities such as Seville, where key 
remains go back to the Lower Paleolithic. In 
bustling regions such as Madrid, there has 
been so much commercial archaeology that 
ancient physical landscapes of each period 
“could be reconstructed almost completely,” 
says archaeologist Jaime Almansa Sanchez, 
who runs a public archaeology company in 
Madrid. Archaeologists salvaged thousands 
of artifacts during the boom, but now many 
worry about the future of commercial archae- 
ology, and some call for reshaping the field. 
“This business model, with companies build- 
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ing themselves under the umbrella of the con- 
struction sector, ... has come to an end in 
Spain,” says social scientist Eva Parga-Dans 
of the Carlos III University of Madrid, who 
studies commercial archaeology. 

The demand for commercial archaeology 
took off in 1985, when the national govern- 
ment launched the Law of Spanish Histori- 
cal Heritage, which led to the requirement 
that building sites with potentially interesting 


Uprooted. Archaeologists uncovered a statue of the Roman goddess Fortuna 
(inset) in Valencia in 2007, but most commercial digs have now stopped in Spain. 


ancient remains be assessed for their archae- 
ological value before the bulldozers came in. 
(Other European nations and the United States 
have similar laws or governmental guidance.) 
The legislation coincided with growth in 
urban construction and public infrastructure. 
Starting in the mid-1990s and for more than a 
decade, the expansion spawned “a large boom 
of archaeology companies,” Parga-Dans says. 

Back then, each local government wanted 
its own infrastructure—‘“very large building 
works for harbors, roads, railways, and big 
centers of all kinds,” says Almansa, who is 
former president of the Madrid Association 
of Male and Female Workers in Archaeology. 
In 1990, there were about 225,000 municipal 
construction licenses for buildings in Spain, 
Parga-Dans says, using data from the National 
Institute of Statistics. By 2007, that had risen 
to more than 737,000. 

All that building required archaeology— 
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but no longer. In 2001, the main Spanish 
regions together licensed more than 2300 
archaeological projects, and in 2007 that num- 
ber soared to a peak of 5819. But in 2010, it 
dropped to 3700, according to Parga-Dans. In 
most regions of Spain, archaeological “com- 
panies are going bankrupt, and those that 
aren’t going bankrupt are below minimums,” 
Almansa says. “Practically all the people who 
used to be contracted are without a job right 
now. The only ones who are working ... are 
the partners in the companies.” He estimates 
that in Madrid the number of active commer- 
cial archaeologists plunged from about 2000 
during the heyday of the bubble to fewer than 
100 people today. 

Every crisis has a silver lining, and in this 
case, as building halts, archaeological sites 
stay untouched. “At least we can be pleased 
that the destruction of heritage is stopping,” 
Almansa says. 

But researchers worry that 
hard times will shred the nation’s 
commitment to archaeology. The 
autonomous region of Madrid 
has in the works a draft bill that 
would allow new building with- 
out archaeological assessment, 
leaving only known sites pro- 
tected; Almansa says the bill 
could be aimed at smoothing the 
way for megaprojects such as the 
EuroVegas casino complex. “We 
are still scared,’ he says. 

Archaeologists add that the 
system, which follows the British 
and U.S. model in having devel- 
opers contract out the digging, 
has offered no incentive for them 
to study what they have found 
and permits digs of widely varying quality. 
“It is impressive ... how much money got 
spent [on commercial archaeology], but the 
return ... has certainly not been optimum,” 
says archaeologist José Beltran Fortes of the 
University of Seville. With building stopped, 
one option would be to finally look at what’s 
already been dug up. But for this, “we need 
a great deal of political commitment and 
money,” Almansa says. 

Given all this, researchers expect a drop 
in discoveries in the next few years. But there 
might be an opportunity to remake the field 
in a new mold, one more amenable to solid 
research, protection, and diffusion of the 
nation’s heritage, Beltran Fortes says: “We are 
in a propitious moment to ... with this forced 
halt, redirect and reconsider what ought to be 
the archaeology in the future.” 

—-ELISABETH PAIN 
Elisabeth Pain is a contributing editor for Science Careers. 
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Personalized Medicine: Temper Expectations 


THE 1 JUNE POLICY FORUMS, “THE ULTIMATE GENETIC TEST” (R. DRMANAC, P. 1110) AND 
“Whole-genome sequencing: The new standard of care?” (L. R. Brunham and M. R. 
Hayden, p. 1112), discuss clinical breakthroughs that might be possible through whole- 
genome sequencing (WGS). We offer a cautionary note about the interpretation and expec- 
tations of personalized medicine and its subset, individualized drug therapy, specifically 
those that pertain to risk prediction in the individual patient. 

As first shown in 1918 (/), a complex quantitative trait can be explained by Mendelian 
inheritance if multiple genes affect the 
trait. From this analysis, one can infer that 
accurate statistical predictions of a com- 
plex trait require identification of many 
small-effect variants which, in combina- 
tion, can explain a large fraction of vari- 
ance in the phenotype. For most com- 
plex traits, this is an unachievable goal. 
Although we can obtain WGS data from 
a large number of patients, effect sizes 
for the majority of small-effect variants 
are simply too miniscule to be detected, 
even with any practicably attainable sam- 
ple size. The anticipation of personalized 
medicine and individualized drug therapy 
thus seems unrealistic. We might be able 
to obtain accurate genomic data from an 
individual patient, but our ability to tailor 
treatment will be limited to only a small 
fraction of variants that have relatively 
large (“‘identifiable’’) effect sizes. 

Before 1990, a number of examples 
of pharmacogenetic traits, usually binary, 
were published [e.g., (2-6); reviewed in 
(7)]. Most of them adhere to simple Mendelian inheritance and are controlled by one or a very 
small number of large-effect genes. These breakthroughs in genotype-phenotype associations 
helped to establish expectations of individualized genetic risk prediction. 

Numerous complexities of the genome—and what constitutes a gene—have emerged 
during the past two decades. We now realize that most examples of pharmacogenomic traits 
(adverse drug reactions, as well as drug efficacy) resemble complex diseases and other multi- 
factorial traits such as height or body mass index. These traits reflect contributions from innu- 
merable low-effect genes. Consequently, genome-wide technology and large-cohort studies 
(on the scale of V = 20,000 subjects) might enable us to uncover many genetic variants signifi- 
cantly associated with a complex trait. However, these variants are just the tip of the iceberg. 
Even in combination, they usually explain only a small fraction of phenotype variation and, 
consequently, have limited predictive value or clinical utility. 
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This same dilemma applies not only to 
all DNA-sequence analyses (genome-wide 
association studies, copy-number variant 
patterns, and WGS), but also to transcrip- 
tomics, metabolomics, epigenomics, and 
other analyses that evaluate multifacto- 
rial traits. Hence, all of these methodolo- 
gies might lead to individual discoveries of 
significant disease associations when large 
cohorts are studied. These findings may well 
lead to identification of novel drug targets 
and, hence, new inroads into greater under- 
standing and possible treatment of com- 
plex diseases. However, the idealistic goal 
of personalized medicine and individual- 
ized drug therapy, which needs a holistic 
understanding of each individual patient’s 
unique -omics read-out, is most likely unat- 
tainable—for the vast majority of complex 
traits—by advances in technology alone. 
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Response 

NEBERT AND ZHANG DO NOT EXPECT THAT 
advances in technology such as whole- 
genome sequencing (WGS) will lead to 
an accurate prediction of genetic risk for 
complex-trait—like diseases or drug responses 
in individual patients because of the diffi- 
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culty in measuring the small effects of each 
of the hundreds of genetic variants involved. 

It is questionable how prevalent these 
traits are at the individual level and how 
sound our current assumptions about “miss- 
ing inheritance” are (/). There is growing 
understanding and evidence of the omni- 
presence of recent rare variants still not 
removed by purifying selection (2, 3) and 
their impact on health (4) and treatment (3). 
In any individual, most traits, including drug 
responses, may be substantially defined by 
a relatively small combination of genetic 
determinants with a large effect. 

A precise analysis of the variants that 
have small effects requires further develop- 
ment of molecular knowledge [e.g., chroma- 
tin structures and regulatory networks (5)] 
and advanced genome interpretation soft- 
ware [e.g., (6)] that integrates all relevant 
sequence or structural variants in an indi- 
vidual genome. In the long run, measure- 
ment limitations will be less important than 
unpredictable environmental and stochastic 
effects. In spite of such natural limitations, 
individual WGS is poised to become a foun- 
dation of future medicine. RADOJE DRMANAC 


Complete Genomics, Inc., Mountain View, CA 94043, USA. 
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Response 

NEBERT AND ZHANG EXPRESS CAUTION 
about the potential of personalized medi- 
cine approaches, including whole genome 
sequencing (WGS) and genome-wide asso- 
ciation studies (GWAS), to identify clinically 
significant genetic markers because of the 
predicted small effect sizes and large number 
of variants that may contribute to any given 
trait. As we discussed in our Policy Forum, the 
results of GWAS appear to support this view 
as regards common diseases, as many stud- 
ies have reported a large number of loci, each 
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conferring a small risk of disease. However, 
WGS will also identify rare alleles with larger 
effect sizes that are not detected by GWAS 
and may have major impact on illness as well 
as drug response. Indeed, a growing number 
of examples suggest that WGS can success- 
fully identify the molecular basis for disease, 
refine clinical diagnosis, and even suggest 
useful therapeutic options (/—3). 

Nebert and Zhang extend their caution 
about personalized medicine to pharma- 
cogenomics traits. Although drug-response 
phenotypes may be similar to common dis- 
ease traits in that “innumerable low-effect 
genes” may contribute to the phenotype, 
several recent examples document variants 
with large, clinically relevant effect sizes 
that substantially improve predictive value 
of drug response beyond clinical variables 
[such as HLA-B*5701 (4), IL28B (5), HLA- 
B*1502 (6), HLA-A*3101 (7), SLCO1B1 
(8), and TPMT/COMT (9)]. These examples 
highlight the potential for genetic mark- 
ers to meaningfully predict risk in indi- 
vidual patients with subsequent benefit to 
health and avoidance of drug toxicity. Ulti- 
mately, both rare and common variants will 
likely contribute to important phenotypes, 
including both common diseases and drug 
response, suggesting that a combination of 
approaches including WGS and GWAS will 
be necessary to provide a more complete 
view of human genetic variation. 
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CORRECTIONS AND CLARIFICATIONS 


Books et al.: “Life from a rooted perspective” by C. Eller 
(20 July, page 295). The review author's name was mis- 
spelled. It is Chelcie Eller. 


News & Analysis: “Higgs boson makes its debut after 
decades-long search” by A. Cho (13 July, p 141). The story 
incorrectly states that the last fundamental particle discov- 
ered before the Higgs boson was the top quark in 1995. The 
tau neutrino was observed for the first time in 2000. 


News & Analysis: “Earth and planetary scientists search 
for common ground,” by E. Kintisch (13 July, p. 145). An 
editor's error misidentified Titan as a moon of Jupiter. Titan 
orbits Saturn. 


Reports: “Atg7 modulates p53 activity to regulate cell 
cycle and survival during metabolic stress” by |. H. Lee et 
al. (13 April, p. 225). The error bars were undefined in 
Figs. 1 to 4 and supplementary figures $1, $3, $4, $10, $12 
to $16, $18, $20, $22, and $23. In all cases, the error bars 
represent one standard deviation. Figures 1F, 11, $11A, 
and S17 each represent single gels, but include splicing 
where lanes not relevant to the discussion were removed 
for clarity. Reviewers and editors were made aware of 
how these figures were composed; however, according to 
Science style, the splicing should have been indicated 
by lines in the final version. The corrected Fig. 1 panels, 
F and I, are shown here. A corrected supplementary mate- 
rial PDF is available at www.sciencemag.org/content/ 
suppV/2012/04/11/336.6078.225.DC1. 


F siRNA: Scrambled _ Atg7 
Starved (hrs) 0 1 3 0 1 3 wp. 


SS 7 


wT Atg7” 
——__ ———_ WB: 
Day 1 34 134 


Brevia: “High frequency of horizontal gene transfer in the 
oceans” by L. D. McDaniel et al. (1 October 2010, p. 50). 
One of the gene transfer agent (GTA) donor strains was 
inadvertently labeled incorrectly. The strain identified as 
Reugeria mobilis strain 45A6 was actually Nitratireductor 
strain 44B9s. All other data and information are correct. 


Letters to the Editor 


Letters (~300 words) discuss material published 
in Science in the past 3 months or matters of 
general interest. Letters are not acknowledged 


upon receipt. Whether published in full or in part, 
Letters are subject to editing for clarity and space. 
Letters submitted, published, or posted elsewhere, 
in print or online, will be disqualified. To submit a 
Letter, go to www.submit2science.org. 


www.sciencemag.org SCIENCE VOL337 24 AUGUST 2012 


Published by AAAS 


911 


Downloaded from www.sciencemag.org on August 26, 2012 


lBOOKSerg, 


912 


HISTORY OF SCIENCE 


Toward a Lawful History of Life 


John Beatty 


he problem with paleontology, the 
[rom Stephen Jay Gould argued, was 

not what most people thought. What 
was lamentable at the time 
(the early 1970s) was not the 
fossil record and all that it 
allegedly lacked. What was 
lamentable was the lack of 
theory. Paleontology was too 
descriptive, too much like 
history, too “idiographic,” 
overly focused on what is 
unique to a particular period 
or place or taxon. It needed to 
be more “nomothetic,” lawlike. Gould pointed 
to George Gaylord Simpson as the sort of the- 
orist he had in mind. But even Simpson sold 
paleontology short, by aligning it almost 
entirely with the synthetic theory of evolu- 
tion. Surely there was more to say about the 
history of life than that—something that pale- 
ontology could add. In Rereading the Fossil 
Record, historian of science David Sepkoski 
tells how Gould and a group of enterprising 
young paleontologists sought to establish a 
new theoretical discipline, “paleobiology,” 
that would be evolutionary (and, crucially, 
ecological) but that also aimed to discover its 
own autonomous laws of the history of life. 

Of course Gould’s sentiment—that the 
problem was not the fossil record—teflects 
the fact that the fossil record was indeed 
long considered a problem, apologetically 
regarded for being, in Darwin’s words, “a 
history of the world imperfectly kept.” To 
the extent that paleontologists regarded the 
record as misrepresentative of the past, they 
would understandably be reluctant to base 
theories of the history of life on it. Thus the 
road to theory would have to involve some 
sort of un- (or less) apologetic “reading” of 
the phenomena to be theorized. 

Some paleobiologists conceived of their 
project as a “new synthesis.” Sepkoski does 
an excellent job of showing how the paleobi- 
ological synthesis extended well beyond the 
evolutionary synthesis, all the while parallel- 
ing it in important respects. Like the evolu- 
tionary synthesis, the paleobiological project 
was an exercise in discipline formation. To be 
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The Growth of Paleobiology 
as an Evolutionary Discipline 
by David Sepkoski 
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sure, there was considerable effort to achieve 
consensus on the theories and “readings” 
associated with the new discipline. But just 
as important—especially in 
light of the lingering concep- 
tual disagreements—were 
the institutional successes of 
the young paleobiologists, 
most notably the founding 
of their journal, Paleobiol- 
ogy. (Similarly, leaders of the 
evolutionary synthesis had 
put considerable effort into 
establishing the Society for 
the Study of Evolution and the journal Evolu- 
tion; arguably, there was no discipline of evo- 
lutionary biology prior to that.) Sepkoski also 
emphasizes community building, recruitment 
(check out Gould’s hard sell to then—graduate 
student Jack Sepkoski, the author’s father), 
and the concern to establish paleobiology’s 
place in textbooks and curricula. 

The book’s first third sets the stage for the 
rise of paleobiology. Sepkoski focuses on 
developments in the history of paleontology 
and evolutionary biology that provoked and 
inspired the young paleobiologists and that 
help us to see where they were coming from. 
He offers particularly valuable discussions of 


“Mouthpiece for the movement.” The success of 
the new journal Paleobiology played a crucial role in 
the growth of the field. 


the work of Simpson, Norman Newell, and 
John Imbrie. Sepkoski also sets the stage by 
introducing his readers to developments in 
ecology that would have an enormous influ- 
ence on paleobiological theorizing (more on 
that shortly). 

The book then turns to the main actors 
(and many other important figures)—Gould, 
Niles Eldredge, Thomas Schopf, David Raup, 
James Valentine, and the author’s father (no, 
that’s not a problem). In addition to discuss- 
ing the institutional efforts of these young 
paleontologists, Sepkoski focuses on several 
developments that illustrate their theoretical 
ambitions, each development also illustrating 
a different reading of the fossil record. These 
developments were controversial in the eyes 
of those outside paleobiology. They were also 
the source of much controversy within the 
new discipline, plainly evident in its journal, 
whose somewhat rogue editor, Schopf, occa- 
sionally used (or abused) editorial license to 
lecture those of his colleagues who were on 
the other (wrong) side of an issue. (What an 
original, Schopf—if you thought Gould or 
any of the others were characters....) 

Sepkoski provides a vivid discussion of 
punctuated equilibrium theory (which was 
based on a quite unapologetic, fairly literal 
reading of the fossil record) and the contro- 
versy surrounding it. But to me the richest 
chapters are those that focus on the model- 
ing of taxon diversity in the fossil record— 
especially the various versions of the “MBL” 
and “kinetic” models. As Sepkoski explains, 
these were inspired in large part by two recent 
developments. One was Leigh Van Valen’s 
“new evolutionary law,” according to which 
taxa within an ecologically homogeneous 
category undergo extinction at a constant rate 
(that is, perhaps surprisingly, at a rate inde- 
pendent of their age). In proposing the law, 
Van Valen had remarked, “It is not fashion- 
able to speak of laws in evolutionary biology 
or for historical processes generally” (/). 

The second crucial influence was Robert 
MacArthur and Edward Wilson’s theory of 
island biogeography, according to which the 
number of species on an island is a function 
of two factors: the rate of immigration of spe- 
cies new to the island and the rate of extinc- 
tion of species on the island. In the paleobio- 
logical models of taxon diversity, immigration 
rate was replaced by the rate of origination (by 
branching) of new species. It is noteworthy 
that these models are not only substantively 
similar to island ecology theory but formally 
similar. That reflects the young paleobiolo- 
gists’ concern to make their science more 
nomothetic and less historical. It had been 
MacArthur’s aim to do the same for ecology, 
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and the theory of island biogeography exem- 
plified this in two respects. First, it treated all 
species as identical, with the same immigra- 
tion and extinction rates. The number of spe- 
cies on an island did not depend on which 
particular taxa were involved or even what 
kinds of taxa (e.g., generalists versus special- 
ists). Second, it was an equilibrium theory— 
ultimately the number of species on an island 
would reach an equilibrium at which immigra- 
tion balanced extinction. Because the equilib- 
rium point is reached no matter what the start- 
ing point, an equilibrium point renders history 
irrelevant. It is extremely interesting how the 
paleobiology movement sought, and to some 
extent achieved, much the same thing for pat- 
terns of diversity in the fossil record. 

There is much, much more in the book. 
Another major issue concerns the stochastic 
character of paleobiological theories of taxon 
diversity. This is related to the treating of spe- 


cies as roughly equivalent, so that differences 
in their fates are understood as more or less a 
matter of chance. The generalizing efforts of 
the paleobiologists were stymied by particu- 
lar episodes in the past when specific groups 
of taxa proved to be ecologically distinguish- 
able after all (the hard-to-shake idiographic 
element). It is fascinating to see how stochas- 
ticity aligned with the nomothetic ideal here. 
Precisely where—between history and 
nomothetic science—paleobiology should 
reside was itself an issue of contention among 
the new discipline’s practitioners. Some, like 
Gould, seemed to waver (or at least switched 
emphasis), sometimes positively accentuat- 
ing the nomothetic aspects of the practice, 
sometimes the historical. Of course, Gould is 
well known as a historian as well as a scien- 
tist. But in general, the actors’ various con- 
ceptions of the nature of history—telative to 
which they were situating themselves—were 
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not unschooled: Van Valen publishing in New 
Literary History, Gould and Schopf trading 
views on Isaiah Berlin, etc. 

As for the outcome, Sepkoski views the 
early development of paleobiology as one in 
which a strong nomothetic leaning was ulti- 
mately tempered by “the inescapable pull 
of history.” An exceptional book, Rereading 
the Fossil Record draws wisely and apprecia- 
tively on the work of fellow historians of sci- 
ence (to mention just a few: Ronald Rainger, 
Joe Cain, V. Betty Smocovitis, Michael Ruse, 
and Sharon Kingsland). But it stands on its 
own as a major contribution that will interest 
biologists, historians more generally (it’s not 
only good history, it’s about history), and phi- 
losophers alike. 
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Sense, If Not Sensibility 


Hillary S. Young 


alt Whitman warned that one 

“must not know too much or be 

too precise or scientific about birds 
and trees and flowers and watercraft; a certain 
free-margin, and even vagueness—ignorance, 
credulity—helps your enjoyment of these 
things.” Tim Birkhead, an ornithologist at the 
University of Sheffield, scoffs at this advice. 
In Bird Sense, he describes in meticulous 
detail how birds accomplish feats both mun- 
dane and marvelous: including 
shearwaters’ unguided cross- 
ocean migrations, owls’ abil- 
ity to locate prey in the dark 
or under snowpack, and guil- 
lemots’ skill at quickly identi- 
fying mates or chicks among 
thousands of seemingly iden- 
tical birds. Although some 
of these capabilities seem 
rather esoteric—only the truly 
devoted are likely to know what an oilbird is, 
much less to have pondered its aptitude for 
navigating in pitch-black caves—it is none- 
theless difficult not to be absorbed by these 
tales and want to know more about how birds 
manage such achievements. In each chapter, 
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Birkhead addresses this urge by rigor- 
ously examining one of the different 
senses of birds, exploring the anatomy, 
physiology, and mechanics by which 
various species perceive the world. He 
aims both to give us insight on what it 
really means to be a bird and, in so doing, to 
enrich our appreciation of these animals. 

Throughout the book, Birkhead deftly 
integrates a deep knowledge of the history 
of avian science (including 
some rather brutal, if demon- 
strative, early animal experi- 
mentation) with fascinating 
feathered facts and delightful 
stories of science in action. 
He is also unafraid to tackle 
the speculative (particularly 
in the last chapter, where 
he examines what little we 
actually know about birds’ 
emotional senses). I suspect that nearly all 
readers will be left with a strong sense of 
wonder at the range and breadth of sensory 
abilities of individual bird species as well 
as a renewed appreciation for the painstak- 
ing processes by which these sometimes 
obscure facts have been discovered. 

This said, Birkhead falls a bit short on 
the promise held out in the subtitle: What 
It’s Like to Be a Bird. For casual readers, or 


Sound hunters. The facial discs of great gray owls (Strix 
nebulosa) funnel sound toward their ears and help them 
locate prey beneath the snow. 


the more philosophical and poetic souls, the 
pages of dry, technical details (such as of the 
number and size of fovea among bird spe- 
cies) and the consistent strong focus on anat- 
omy are more likely to bore than to reveal or 
delight. Likewise, the many intriguing tid- 
bits of information Birkhead provides often 
fail to coalesce into a integrated perspec- 
tive on how the biology of a particular spe- 
cies guides the way individual birds use and 
interpret the world around them. 

Yet even if Bird Sense does not succeed 
in furthering the philosopher Thomas Nagel’s 
lofty goal of understanding what it might 
be like to be so “other” (7), Birkhead none- 
theless offers a treasure trove of captivating 
details and much lovely storytelling. Any- 
one drawn to birds will find that, contrary to 
Whitman’s intuition, our appreciation of this 
particularly diverse and fascinating group of 
animals can be deepened by knowing more. 
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WATER MANAGEMENT 


Water Security: Research 
Challenges and Opportunities 


Karen Bakker 


nestimated 80% of the world’s popu- 
At faces a high-level water secu- 

rity or water-related biodiversity risk 
(). The issue of water security—defined as 
an acceptable level of water-related risks to 
humans and ecosystems, coupled with the 
availability of water of sufficient quantity 
and quality to support livelihoods, national 
security, human health, and ecosystem ser- 
vices (2, 3)—is thus receiving considerable 
attention. To date, however, the majority of 
academic research on water security is rela- 
tively poorly integrated with the needs of 
policy-makers and practitioners; hence, 
substantial changes to funding, education, 
research frameworks, and academic incentive 
structures are required if researchers are to be 
enabled to make more substantive contribu- 
tions to addressing the global water crisis. 


Key Issues Driving Recent Interest 
More than 400 peer-reviewed publications 
on water security have appeared across the 
social, natural, and medical sciences in the 
past 20 years (more than 50% of which have 
been published in the past 5 years) (4) (see 
the graph), and several universities have 
recently launched water security initiatives. 
Water security—the focus of the 2013 Stock- 
holm World Water Week and the next World 
Water Forum in 2015—has also attracted 
considerable attention from policy-makers, 
practitioners, and government organizations, 
including the U.S. Environmental Protection 
Agency and National Intelligence Council, 
the Australian government, the World Eco- 
nomic Forum, the Global Water Partnership 
(GWP), the World Bank, the North Atlantic 
Treaty Organization (NATO), the G8, and 
the United Nations [e.g., the World Water 
Assessment Program (WWAP)] (5—/0). 
This increase in research and policy activ- 
ity reflects growing concerns—particularly 
among practitioners, who have been at the 
vanguard of this agenda—over water-related 
human and ecosystem vulnerability, notably: 
(i) threats to drinking water supply sys- 
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Drought on the Colorado River. Drought has 
reduced water levels in Lake Mead, behind the 
Hoover Dam. 


tems [e.g., from contamination, human 
impact on aquatic ecosystems and lack of 
water access (//), or terrorist attacks (/2)], 
implying the need for enhanced monitor- 
ing and emergency preparedness, as well 
as investment to meet the needs of the more 
than | billion people worldwide without 
access to safe drinking water (10, //); 

(ii) threats to economic growth and 
human livelihoods from water-related haz- 
ards (e.g., floods and droughts), water stress, 
and water scarcity, notably with respect to 
food security (/3) and energy security (9), 
implying the need for technological innova- 
tion and water conservation (/4); 

(iii) threats to water-related ecosystem 
services due to point- and non-point source 
pollution as well as increased water con- 
sumption (3), associated with increased use 
of ecosystem services and biodiversity loss 
(/, 15), implying the need to comanage water 
for human and ecosystem needs, particularly 
given potential “tipping points” in socioeco- 
logical systems (/6); 

(iv) increased hydrological variability 
(17) in the context of climate change (nota- 
bly increased amplitude and frequency of 
droughts and floods), implying the need to 
develop innovative strategies for dealing 
with uncertainty (/8) that move “beyond 
infrastructure” (/9) to include gover- 
nance and social learning as key strategies 


New strategies for analyzing water security 
have the potential to improve coordination 
and generate synergies between researchers, 
policy-makers, and practitioners. 


for more effective water management (20). 

A central theme of these water security 
threats is the challenge of balancing human 
and environmental water needs while safe- 
guarding essential ecosystem services and 
biodiversity. Water security research thus 
incorporates and extends key aspects of 
Integrated Water Resources Management 
(21), notably an emphasis on linkages 
between land-use change and hydrological 
systems, between ecosystems and human 
health, and between political and scientific 
aspects of water management (/, //). Inno- 
vative aspects of the water security agenda 
include a conceptual focus on vulnerability, 
risk, and resilience; an emphasis on threats, 
shocks, and tipping points; and a related 
emphasis on adaptive management given 
limited predictability. 

Notably, water security research also 
emphasizes a policy challenge: Achieving 
economic goals and sustainable develop- 
ment objectives (e.g., the Millennium Devel- 
opment Goals) may require contentious 
trade-offs—notably between agriculture, the 
largest water user globally, and other sec- 
tors—that generate both violent and nonvio- 
lent conflicts (22), as demonstrated by recent 
debates over water-related implications of 
the global “land grab” (23). This underscores 
the need for robust, polycentric governance 
mechanisms designed to resolve (or at least 
mitigate) conflicts between users, sectors, 
and nation-states (20). 


Challenges for Water Security Research 

The water security research agenda is faced 
with three challenges that represent potential 
opportunities for synergies among research- 
ers, policy-makers, and practitioners: 

(i) Multiple, and at times incommen- 
surate, definitions of water security are 
used by academics and practitioners (4). 
It is unsurprising that multiple definitions 
of water security exist, given that perspec- 
tives vary between academic specializa- 
tions (and indeed between stakeholders and 
sectors). Specialization has its advantages; 
however, effective water management and 
policy-making require shared conceptual 
common ground as a prerequisite to inter- 
disciplinary analyses of the complex interac- 
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tions between humans, ecosystems, and the 
hydrological cycle (24). Promising exam- 
ples do exist, such as the emerging subdis- 
cipline of socio-hydrology (or eco-socio- 
hydrology) (25-27). Fully developing this 
(and other, similar conceptual frameworks) 
requires new approaches to research funding, 
research design [e.g., the Global Water Sys- 
tem Project (2)], and student training [e.g., 
Harvard’s Water Security Initiative, which 
trains water-related researchers as “special- 
ized integrators” across a broad range of dis- 
ciplines (29)]. 

(ii) Analyzing the socio-environmental 
implications of the changes now under way 
in the global water cycle in support of sci- 
ence-informed policy (30) requires inter- 
disciplinary, collaborative research, tran- 
scending “broad” versus “narrow” and “aca- 
demic” versus “applied” distinctions, in line 
with the integrative definition of water secu- 
rity provided above. As with other examples 
of “sustainability science,” this requires 
engagement with “peer expert” networks 
that bring together both practitioners and 
academics (3/). Such research strategies 
currently face substantial barriers, including 
disciplinary biases, funding constraints, and 
institutionalized incentives for tenure and 
promotion. Thus, the growing emphasis by 
research funders on collaboration with—and 
“impact” on—practitioners [e.g., the UK’s 
Water Research and Innovation Framework 
and the U.S. National Science Foundation’s 
(NSF’s) Science, Engineering, and Educa- 
tion for Sustainability program] is welcome, 
although this should be complemented by 
changes to incentive structures within uni- 
versities. In addition, project-based funding 
should be complemented by the creation of 
long-term networks [e.g., Oxford Universi- 
ty’s Water Security Network] and research 
units that bring together interdisciplinary 
researchers and practitioners on a longer- 


term basis (32), e.g., NSF’s Decision Cen- 
ter for a Desert City, which bridges science 
and policy to create analytical tools used in 
water decision-making. 

(iii) Researchers in different disciplines 
tend to conduct water security research at 
distinct scales (4) (e.g., whereas hydrolo- 
gists tend to focus on the watershed, political 
scientists tend to focus on the nation-state), 
mirroring—and perhaps reinforcing—the 
“scalar mismatch” that characterizes on- 
the-ground water governance. This situa- 
tion is unsatisfactory for several reasons: 
the inherently multiscalar nature of intersec- 
toral food—energy—water security trade-offs 
(79); the increasing importance of “virtual 
water” flows, particularly those associated 
with global trade (32); the need to redress 
poor governance often generated by the “sca- 
lar mismatch’; and the fact that subsurface 
hydrological gradients may not correspond 
with surface topography (33). Accordingly, 
a river basin—focused approach, although 
important, must be complemented by anal- 
yses at other scales, in support of water- 
related decision-making and the develop- 
ment of adaptation strategies (34). Risk 
analysis frameworks are promising in this 
regard, because they can incorporate mul- 
tiple, nested spatial and temporal scales. An 
additional potential advantage arises from 
the fact that the concept of risk is deployed 
across the biological, social, physical, and 
medical sciences, and is hence compatible 
with an interdisciplinary approach to analyz- 
ing water security, specifically with respect 
to trade-offs between multiple and compet- 
ing objectives (78, 35). 


Conclusion 

Interdisciplinary research on water secu- 
rity faces considerable challenges, given 
the complexity of analyzing interrelation- 
ships between vulnerability, risk, and resil- 


POLICYFORUM 


ience across scales, sectors, and disciplines 
in the context of limited predictability. Addi- 
tional challenges arise from current barriers 
to creating constructive synergies between 
policy-makers, practitioners, and research- 
ers. Promising examples exist of poten- 
tially useful innovations in funding, research 
design, institutional incentives, and gradu- 
ate education; these must be systematically 
tested, refined, and replicated if researchers 
are to make more effective contributions to 
addressing global water insecurity. 
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ASTRONOMY 


Probing Black Hole Gravity 


Jonathan C. McKinney 


lack holes (BHs) are among the 
B most amazing predictions of Ein- 

stein’s general relativity theory. In 
isolation, BHs are describable simply by 
their mass and spin rate and are practically 
invisible—only observed as they feed on 
surrounding gas, such as when a star gets 
close enough and is disrupted and ripped 
apart by the tidal forces of a supermas- 
sive BH (SMBH) with the mass of millions 
to billions of Suns. Such tidal disruption 
events or flares have been observed only a 
few times. On page 949 of this issue, Reis 
et al. (1) report on the discovery of another 
tidal disruption event (called Sw J1644+57 
for the event as measured by Swift, NASA’s 
space-based observatory) by a previously 
dormant BH. The crucial discovery is that 
this particular flare has an x-ray light curve 
with a statistically significant highly coher- 
ent oscillation. The frequency of this so- 
called quasi-periodic oscillation (QPO) is so 
high, at about 1/200 Hz, for a SMBH that 
the emission must occur due to some physi- 
cal process operating close to the BH’s event 
horizon. The implication is that the physical 
processes take place in the strong-field grav- 
ity regime and that these QPO observations 
might allow one to probe or even test Ein- 
stein’s general relativity theory. 

QPOs have been studied in x-ray bina- 
ries, which are binary systems contain- 
ing a companion star and a compact object 
such as a BH (2) or a neutron star (3) with a 
mass of one to tens of Suns. For BH x-ray 
binaries, the highest of the high-frequency 
QPOs (HFQPOs) range from 100 Hz (GRS 
1915+105) to 450 Hz (GRO 1655-40). For 
SMBHs, statistically significant HFQPOs 
have only been observed in RE J1034+396 
(4), although the SMBH in the galactic cen- 
ter (SgrA*) may produce similar QPOs (5). 

QPOs are roughly classified as either 
high-frequency or low-frequency QPOs as 
relative to the frequency expected given the 
mass of the central object. A QPO is identi- 
fied as a HFQPO when the estimated mass 
implies that the QPO is produced close to 
the compact object. The several HFQPOs 
known for BH x-ray binaries roughly scale 
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Pre-disrupted 
star 


Oscillations in x-ray emission from near 

an accreting black hole may provide a route 
to probe Einstein’s general relativity theory 
beyond our local universe. 


Observer 


Wobbling jet 
emitting x-rays 


Accretion disk 


Catching signals of strong gravity. An illustration of the tidal disruption of a star passing near a SMBH. 
Upon approaching the BH, the star shreds apart and forms an accretion disk. The disk consists of a hot turbu- 
lent plasma that carries mass and magnetic field into the BH. Some magnetic field penetrates the rotating BH 
and launches a relativistic jet out into space. The disk or jet can wobble or warp and generate the observed 


nearly coherent x-ray oscillations called a HFQPO. 


with this natural gravitational time scale, 
corresponding to the time it takes light to 
travel across the distance of a black hole’s 
event horizon. 

The BH involved in the tidal disruption 
event seen by Reis et al. is estimated to have 
a mass of millions of Suns. If one scales the 
frequency by the natural gravitational time 
scale, then the observed QPO is close to 
that of the highest frequency QPOs in BH 
x-ray binaries. This gives a consistency of 
the HFQPO across five decades in BH mass, 
which suggests that this tidal disruption 
event probes the same strong gravity phys- 
ics as BH x-ray binaries. 

The previous QPO observation in RE 
J1034+396 might have been just a one- 
time event, but the new Sw J1644+57 event 
suggests that QPOs might be common in 
SMBHs. We observe less than 10 HFQPOs 
out of the roughly 20 BH x-ray binaries in 
the Milky Way, so the possibility of seeing 
many more HFQPOs from the numerous 
SMBHs beyond our galaxy offers the hope 
to better understand how HFQPOs are gen- 
erated. Indeed, these new observations sug- 
gest that the physical process generating 


HFQPOs is common to both solar mass and 
SMBH systems. 

For the observed HFQPOs to be useful, 
we must understand the physics of how they 
are generated. Analytical and computational 
calculations of HFQPOs suggest a few dif- 
ferent classes of models. All such calcula- 
tions rely upon our well-developed under- 
standing of how surrounding matter reaches 
the BH. Some of the plasma forms a heavy 
rotating disk, whereas other material is 
ejected out in a wind or a relativistic jet (6) 
(see the figure). Some QPO models suggest 
that the heavy disk undergoes semirigid (7) 
or magnetic dynamo (8) oscillations. Other 
models suggest that the interface between 
the disk and jet oscillates (9). 

The hope is that HFQPOs could be used 
to measure BH spin and mass (/0) and even 
help test Einstein’s general relativity the- 
ory. However, until the physical mecha- 
nism for HFQPOs is identified, we will not 
know how to link its frequency to BH mass 
or spin, and we would have no prospects to 
test general relativity. The worst case sce- 
nario would be that HFQPOs are transient 
phenomena that emerge out of the noise in 
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a turbulent disk, although even in this case 
some well-defined mass-spin—dependent 
frequency might still emerge (//). 

The discovery of a HFQPO by Reis et al. 
provides a solid basis for using SMBHs as 
temporal probes of the strong-field gravity 
regime near BHs. This adds another weapon 
to the arsenal at the astrophysicist’s dis- 
posal in attacking the problem of what is 
really going on close to a BH. Such mass- 
spin—dependent HFQPO data can be added 
to mass-spin measurements from the disk’s 
unresolved electromagnetic spectrum (/2, 
13) and potentially the resolved image of 
the disk (/4) or jet (/5) in nearby SMBHs 


such as SgrA* or M87. All of this informa- 
tion combined together could lead to a so- 
called concordance model, like that used 
in cosmology to constrain parameters that 
describe the universe, leading to sufficient 
constraints that could test Einstein’s general 
relativity theory. 
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CLIMATE CHANGE 


A Long View on Climate Sensitivity 


Luke Skinner 


umanity is engaged in an unprece- 

dented climate experiment, the out- 

come of which is often framed in 
terms of an equilibrium “climate sensitiv- 
ity.” This parameter encapsulates the amount 
of global warming that may be expected as 
a result of a doubling of the atmospheric 
carbon dioxide (CO,) concentration, which 
is equivalent to an additional 3.7 W m? of 
energy available to warm Earth’s surface (/). 
The current best estimate of climate sensi- 
tivity is similar to the earliest estimates by 
Arrhenius (2) and Callendar (3), ranging 
from 2° to 4.5°C (4). Constraints on the 
lower limit of this range are much tighter 
than they are on the upper limit, with small 
but finite probabilities for very large climate 
sensitivities (4). Although the geological 
record provides strong support for climate 
sensitivities in this range, it also reminds us 
that a single value of climate sensitivity is 
unlikely to provide a complete picture of the 
climate system’s response to forcing. 

Past climate intervals for which climate 
sensitivity has been inferred from a linear 
scaling between global radiative forcing 
and temperature response include the Last 
Glacial Maximum, late Pleistocene glacial- 
interglacial cycles (see the first figure), Plio- 
cene, late Eocene, Paleocene-Eocene Ther- 
mal Maximum, and Cretaceous (/, 5). The 
paleoclimate sensitivities implied by these 
past climate intervals range from <1°C to 
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>7°C per 3.7 W m° (see the second fig- 
ure). They thus span the full range of values 
inferred independently from instrumental 
records, modern observations, and numeri- 
cal models, and when taken together are 
strikingly consistent with the “canonical” 
climate sensitivity value of ~3°C. 

But what exactly does each of the paleo- 
climate sensitivity estimates in the sec- 
ond figure represent? If they all converge 
broadly on a similar ratio of radiative forc- 


The paleoclimate record suggests that 
certain aspects of climate change may be 
difficult to reconcile with a single value 
of climate sensitivity. 


ing to global temperature response, does this 
mean that global climate change is a well- 
behaved linear response to radiative forcing 
across a range of contexts and time scales? 
And how much explanatory power does cli- 
mate sensitivity have in general? 

These are not straightforward questions. 
Climate sensitivity is an extremely useful 
and elegant representation of how we expect 
global climate to respond to radiative forc- 
ing, but it is also a rather nuanced concept. 


Ice core from the West Antarctic Ice Sheet Divide. The dark band is a layer of volcanic ash that settled on 
the ice sheet ~21,000 years ago. Ice cores such as this have provided detailed insights into the late Pleistocene 
glacial-interglacial cycles. 
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as commonly defined. LGM, Last Glacial Maximum; PETM, Paleocene-Eocene Thermal Maximum. 


Even within a unique and precise obser- 
vational or model framework (and setting 
aside that global climate is not equivalent to 
global average temperature), the value that 
we attribute to climate sensitivity can vary 
depending on the source of the radiative 
perturbation, the initial climate state that 
is perturbed, and what we consider to be an 
“equilibrium” response. The latter consid- 
eration ultimately depends on the time scale 
that we consider to be relevant (decades, 
centuries, millennia, or longer), because 
this will determine the feedbacks that can— 
or can be assumed to—emanate from and 
compound the imposed forcing (5). 

The above difficulties apply especially to 
paleoclimate sensitivity studies, in which it 
can be difficult to distinguish between inde- 
pendent radiative forcings and dependent 


radiative feedbacks. Furthermore, many 
forcings and feedbacks (such as clouds) can 
be difficult or impossible to reconstruct, 
the time scale of sampling or averaging can 
range from decades to millennia, and the ini- 
tial climate state and therefore the available 
feedbacks and climate-adjustment mecha- 
nisms will vary greatly. Nevertheless, the 
paleoclimate record can provide invalu- 
able information on how Earth’s climate 
responds to forcing, not just in the context 
of the next century, but also more generally. 

The reduction or elimination of some of 
the major uncertainties that can affect paleo- 
climate sensitivity studies, such as tempo- 
ral and spatial sampling resolution or proxy 
accuracy, will continue to progress. How- 
ever, these uncertainties may not be the main 
challenge to the project of generalizing the 


concept of climate sensitivity. 
Rather, as illustrated, for exam- 
ple, by multimodel simulations 
of past “equilibrium” climate 
states (6), the main challenge 
may lie in the context depen- 
dence (nonlinearity) of many 
climate feedbacks and their 
varying response times. 

Thus, if the sum of all posi- 
tive and negative feedbacks— 
the climate gain—can vary as 
a function of climate, with dif- 
ferent impacts on different time 
scales, then the calibration of 
climate response to radiative 
forcing becomes extremely 
challenging, especially when 
attempting to generalize across 
the full range of possible cli- 
mate states, past and future. 

This challenge is com- 
pounded by the possible exis- 
tence of multiple regimes in the 
climate system for a single set of 
boundary conditions. Because 
of these multiple states, regional 
or global climate changes may 


20 occur and persist even when 


there is no obvious forcing on 
the same time scale (7). Such 
changes, sometimes referred 
to as irreversible transitions or 
tipping points, reflect the emer- 
gence of climate states whose 
resilience to small nudges 
becomes vanishingly small (8). 
In this context, a loss of resil- 
ience causes the rapid growth of 
the climate’s response to a given 
forcing in the relative short 
term, regardless of the rapidity 
of the forcing, and an “irreversible” transition 
in the relative long term (9). 

If the goal of climate science is not just 
to predict the next 50 to 100 years of climate 
change, but also “to tackle the more general 
question of climate maintenance and sensitiv- 
ity” (10), then arguably we must do so within 
a conceptual framework that augments the 
notion of climate sensitivity as a straightfor- 
ward linear calibration of climate gain, with 
the possibility of nonlinear feedbacks and 
irreversible transitions in the climate system. 

In such a conceptual framework, it might 
be preferable to distinguish the carefully 
defined “climate sensitivity” that applies to 
the immediate anthroprogenic future, from 
a more general measure of the Earth sys- 
tem’s ability to maintain its prevailing state 
subject to forcings. The latter ability, or 
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Earth system “resilience,” would be viewed 
as an emergent and evolving property of the 
climate system, rather than as a constant. 

The long-standing mystery of the late 
Pleistocene ice ages illustrates how a con- 
stant/universal linearization of global tem- 
perature versus radiative forcing can provide 
an overly narrow view of climate-adjustment 
processes. These climate cycles were clearly 
paced by a slowly evolving insolation field 
that did not produce significant global average 
radiative anomalies (at least under the usual 
assumption of a globally uniform response 
time). Crucially, this insolation forcing was 
only effective because of strong radiative 
feedbacks, including changes in atmospheric 
CO, levels. The emergence of these feedbacks 
appears to have been strongly conditional on 
the prevailing climate state (77) and may have 
also depended on the occurrence of abrupt 
(“irreversible’’) transitions in regional climate 
and the ocean circulation (/2). 


The tiered time and space scales involved 
in these global climate upheavals underline 
the importance, for understanding and pre- 
dicting long-term climate change, of consid- 
ering the full spectrum of response times in 
the climate system and their interaction. An 
exclusive consideration of the highest (e.g., 
decadal) register of climate variability might 
be adequate for most political time frames 
and may suit the urgency of immediate miti- 
gation and adaptation challenges. However, 
it falls short of the wider scientific challenge 
that faces humanity, as well as a moral hori- 
zon that extends much farther into the future. 
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MOLECULAR BIOLOGY 


How to Read the Chromatin Past 


Vincenzo Pirrotta 


all histone modifications as “epigenetic,” 

meaning that they carry information about 
how to use the associated DNA sequences as 
a function of earlier events. However, some 
histone modifications, such as methyla- 
tion of histone H3 at lysine 27 (H3K27), are 
more epigenetic than others in that they can 
self-renew from one cell cycle to the next, 
thereby establishing a “cellular memory” of 
earlier events. A series of articles in the past 
3 years—including one by Yuan ef al. (J) on 
page 971 of this issue—has revealed several 
subtle mechanisms by which the Polycomb 
repressive complex 2 (PRC2), which methyl- 
ates H3K27, reads the preexisting chromatin 
state to ensure that it is faithfully maintained 
after cell division (2-7). 

PRC2 is one of two complexes involved 
in establishing and maintaining the Poly- 
comb-repressed chromatin state [for a review, 
see (8)]. It produces H3K27 trimethylation 
(H3K27me3), the characteristic mark associ- 
ated with Polycomb repression. H3K27me3 
stabilizes the binding of the PRC1 and directs 
its action to the target gene. Both PRC com- 


| has become common parlance to refer to 
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plexes are recruited to target genes by vari- 
ous mechanisms ranging from DNA-bind- 
ing factors at Polycomb response elements to 
long noncoding RNAs (/). Both complexes 
receive stabilizing inputs by the presence of 
H3K27me3: PRC1 through the presence of 
the Polycomb protein with its H3K27me3- 
binding chromodomain and PRC2 through 
recognition of H3K27me3 by its ESC compo- 
nent (mammalian Eed) (2). 

PRC2 has the job of recognizing the pre- 
vious state of the chromatin and maintain- 
ing it after cell division. Two examples clar- 
ify what is involved. One is the classical 
maintenance of a Polycomb-repressed state. 
Although genes can switch from a repressed 
to an active state in response to specific acti- 
vators, Polycomb-repressed genes tend to stay 
repressed from one cell cycle to the next. This 
implies that the PRC2 complex can sense 
what regions contain H3K27me3 from the 
previous round. The other example is one in 
which a gene adjacent to a Polycomb-silenced 
gene is in the active state. What prevents 
Polycomb silencing from spreading into the 
adjacent active gene and silencing it as well? 
One answer might be that the active chroma- 
tin state antagonizes the establishment of the 
repressed state. This behavior is well known 
in the Drosophila early embryo where, when 
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Several mechanisms are used by cells to 
maintain specific histone modifications and 
gene activity through successive cell divisions. 


Polycomb repression becomes functional, it 
silences Hox genes where they are inactive 
but does not interfere with them when they 
are actively transcribed. 

To understand how PRC2 recognizes and 
maintains both repressive and active chro- 
matin states, one must consider the com- 
ponents and properties of the PRC2 com- 
plex. Although the methyltransferase is the 
E(Z) protein (mammalian Ezh! and Ezh2) 
with its SET domain as the catalytic cen- 
ter, E(Z) by itself has no activity. It needs 
to be associated at least with the ESC/EED 
and SU(Z)12/Suz12 components and, for 
optimal activity, with the histone chaperone 
variously called NURF55/CAF1/RbAp48 
because of its multiple roles (/). These three 
noncatalytic components position the com- 
plex on the nucleosome, read input signals, 
and allosterically modulate the methyltrans- 
ferase activity of E(Z). 

At least three PRC2 core components are 
involved in binding to a nucleosome and iden- 
tifying histone H3 as the target. The NURF55 
component binds to the N-terminal tail of 
histone H3 protruding from the nucleosome, 
helping to position the complex on its sub- 
strate (6). The N-terminal tail of histone H3 
is the site of numerous possible modifications. 
One of these, H3K4me3, is associated with 
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the promoter region of transcriptionally active 
genes. H3K4me3 interferes with the binding 
of NURFS5SS. This is not a major loss because 
SU(Z)12 also binds to histone H3. Even in the 
absence of NURF55, a domain near the C-ter- 
minal region of SU(Z)12 called VEFS binds 
to the N-terminal region of H3 (6). VEFS is 
also the interface that interacts with E(Z) (/). 
When the lysine 4 of histone H3 is trimeth- 
ylated, it causes a conformational change that 
is transmitted to E(Z) and affects its cata- 
lytic domain, called the SET domain, greatly 
reducing its ability to release the H3 substrate. 
Thus, H3K4me3 present on active genes pre- 
vents turnover and reduces the methylation 
activity of PRC2 (see the figure). 

SU(Z)12 recognizes another modifica- 
tion of histone H3 that is associated with 
transcriptionally active genes: methylation 
of lysine 36 (5, 6). When the target histone 
H3 is di- or trimethylated at lysine 36, the 
effect is again transmitted to the catalytic 
domain of E(Z) and its methylation activ- 
ity is reduced. As a consequence, H3K4me3 
and H3K36me2/me3 strongly inhibit PRC2 
methylation of H3 lysine 27 in genes that 
have been recently transcribed. 

Other signals tell PRC2 where to be partic- 
ularly active (see the figure). One is the prior 
presence of H3K27 methylation in a chroma- 
tin neighborhood. Structural studies of the 
ESC/EED component revealed an aromatic 
pocket formed by contributions from different 
parts of the protein (2). This aromatic pocket 
binds methylated lysines and, in particular, 
binding of histone H3 di- or trimethylated at 
lysine 27 triggers a conformational change 
that is somehow transmitted to E(Z), strongly 
enhancing its catalytic activity. Unlike the 
H3K4me3 and H3K36me2/me3 marks, 
which have to be on the same histone H3 to be 
methylated, the H3K27me3 mark must be on 
a separate molecule. Consequently, chromatin 
regions that already contain H3K27 methyla- 
tion are preferential targets for new methyla- 
tion. This is the situation that prevails when 
a gene repressed by Polycomb is replicated: 
the old methylated histones are partitioned 
between the two daughter chromatin strands, 
and new, unmethylated histones are deposited 
to restore the full nucleosome complement. To 
ensure the maintenance of the H3K27 methyl 
mark, these new nucleosomes must be pref- 
erentially targeted by PRC2. This is ensured 
by the presence of neighboring nucleosomes 
already bearing H3K27 methylation. 

Another device that helps to the same end 
does not rely on histone modifications but on 
nucleosome density. Transcriptionally active 
chromatin has a lower nucleosome density 
because the linker histone H1 is absent and 
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Feedback and feed-forward on PRC2 activity. The 
structure of PRC2 is illustrated schematically. It is not 
known whether any of the four core components— 
NURF55, SU(Z)12, E(Z), and ESC—are present in 
more than one copy. E(Z) (mammalian Ezh2) is the 
enzymatically active methyltransferase. When it acts 
on a target nucleosome (bottom), it receives inhibi- 
tory signals from methylation (me) states at histone 
H3 lysine 4 (K4) and lysine 36 (K36). It also receives 
powerful activating inputs from neighboring nucleo- 
somes (top), again from H3 region 35-42 and from 
the presence of methylation at lysine 27 (K27). a.a., 
amino acids. 


because transcriptional activity and its asso- 
ciated features destabilize nucleosomes. 
The work of Yuan et al. (1) shows that, 
when nucleosomes are tightly packed, the 
PRC2 complex bound to a target nucleo- 
some senses a neighboring nucleosome by 
recognizing its histone H3. Again, this trig- 
gers a conformational shift that is transmit- 
ted to the catalytic domain of E(Z), resulting 
in much higher methylating activity on the 
target nucleosome. The key is the SU(Z)12 
component, which binds amino acids 35 
to 42 of histone H3. Adding the H3 35-42 
peptide to a reaction suffices to stimulate 
the methylation activity on a low-density 
nucleosome target. The SU(Z)12 region that 
binds the peptide is once again the VEFS 
region that interacts with E(Z), and the fact 
that the 35—42 peptide includes lysine36 
strongly suggests that this is also the region 


that senses the lysine 36 methylation status. 

There are, to be sure, many difficulties 
to be resolved in these emerging pictures of 
PRC2. One is how the same VEFS domain 
of SU(Z)12 is able to interact with H3K4 
and H3K36 on the same H3 molecule that 
is methylated by E(Z) and at the same time 
sense the nucleosome density by interacting 
with another nucleosome, all while interact- 
ing with E(Z). This seems like a contorsion- 
ist’s nightmare although, very likely, PRC2 
contains two copies of some or all of its com- 
ponents. Another fascinating structural ques- 
tion is how the various inputs are transmit- 
ted to E(Z) and converted into independent 
allosteric rearrangements that alter the cata- 
lytic activity of its SET domain. Understand- 
ing this will probably require solving the 
structure of the interfaces between E(Z) and 
SU(Z)12 and ESC. 

There remains a nagging question in these 
and other studies on PRC2 function. What 
PRC2 function is chiefly targeted by these 
various mechanisms? The general assump- 
tion is that it is the function associated with 
Polycomb repression of specific target genes. 
This is the best-known function of PRC2 and 
clearly benefits from a self-renewal mecha- 
nism. A much less well understood role of 
PRC2 is the genome-wide H3K27 dimethyl- 
ation that it appears to produce by a hit-and- 
run mechanism. The result is to dimethylate 
H3K27 at all sites except those that contain 
H3K27me3 and those that are transcription- 
ally active. It is this function that might oth- 
erwise operate in transcribed regions and that 
is inhibited by the negative effects of H3K4 
and H3K26 methylation and of low nucleo- 
some density. Remarkably, this global func- 
tion of PRC2 would mean that the feedback 
and feed-forward mechanisms can provide 
not only the self-renewal of the repressive 
H3K27me3 mark but also a memory of a 
region’s transcriptional activity since the loss 
of H3K27 dimethylation would tend to per- 
sist in the next cell cycle and favor another 
round of transcriptional activity. More work 
is needed to understand this role of PRC2. 
Meanwhile, PRC2 provides a clear exam- 
ple of the epigenetic nature of at least some 
histone modifications. 
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Retaining the Nano 
in Nanocrystalline Alloys 


Julia R. Weertman 


hen nanocrystalline metals first 
became available, their remark- 
ably high strength seemed to open 


up many interesting design applications, but 
several adverse properties were soon noted. 
A particularly vexing problem was a micro- 
structural instability that decreases strength 
over time. The small crystal grain size cre- 
ates a large grain boundary area; the associ- 
ated high interfacial energy drives coarsening 
(increase in grain size) that leads to soften- 
ing. For many advanced alloys, the coarsen- 
ing problem is accelerated by the prolonged 
high temperatures associated with process- 
ing. Attempts to prevent grain growth in a 
nanocrystalline metal by alloying have been 
hit and miss, and in general they have only 
retarded coarsening. On page 951 of this 
issue, Chookajorn et al. () present a solution 
to this microstructural instability problem. 
They performed thermodynamic calculations 
ona series of candidate binary alloys to deter- 
mine which are stabilized 
by grain boundary segre- 
gation, not only against 
coarsening but also against 
phase separation. A rational 
method is made available 
to design nanocrystalline 
alloys that meet operational 
requirements, even at ele- 
vated temperatures. 

In 1981, at the annual 
Riso Materials Science 
Conference in Roskilde, 
Denmark, Gleiter (2) pre- 
sented a process, inert gas 
condensation, for making 
nanocrystalline samples. 
Soon after, researchers 
worldwide were synthesiz- 
ing nanocrystalline met- 
als and measuring their 
properties. As expected 
from the Hall-Petch equa- 
tion (3, 4), which predicts 
that the strength of a metal 
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increases with the inverse of the square root 
of its grain size, the nanocrystalline metals 
were strong. However, they also were brittle 
and microstructurally unstable. Nanocrystal- 
line copper samples left at room temperature 
for several days exhibited substantial coars- 
ening (5). The application of stress greatly 
hastens coarsening, even at liquid nitrogen 
temperatures [see, for example, (6, 7)]. The 
addition of solutes segregated to the grain 
boundaries or even small amounts of impuri- 
ties in the sample (7) slow coarsening but do 
not prevent it. Attempts to find effective sol- 
utes to prevent coarsening have been some- 
what empirical. A large difference in atomic 
radius between matrix and segregating atoms 
often was considered desirable, reminiscent 
of one of the criteria for constituents in com- 
posing an amorphous metallic alloy. 
Although solute additions to nanocrystal- 
line metals in general cannot eliminate the 
tendency to coarsen over time, they can slow 


After 300°C, 30 min 
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Staying just fine. The benefit of tungsten alloying for maintaining nanocrystalline grain 
sizes is illustrated. The 20-nm grains of a pure electrodeposited nanocrystalline Ni film (A) 
coarsened after heating at 300°C for 30 min (B). A nickel-tungsten alloy (13 atomic percent 
W) with the same grain size (C) was annealed for the same time at 600°C (D) and coarsened 
only slightly (grain size increased to 28 nm) [Images from (11, 13)]. Chookajorn et al. show 
how consideration of solute segregation can predict alloys that can actually prevent even this 
small extent of coarsening and maintain favorable materials properties, such as high strength. 
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Judicious alloying can prevent grain growth 
in nanocrystalline metals, preserving their 
useful properties at high temperatures. 


coarsening to a point that it is not a practi- 
cal consideration. As noted by Krill ef al. 
(8), who invoked the well-known expression 
for grain boundary velocity as the product 
of interface mobility M and grain boundary 
energy y divided by grain size d, if y is low- 
ered substantially by segregation of a solute 
to the grain boundary, grain boundary migra- 
tion is greatly reduced. Following a different, 
thermodynamics-based approach, Schuh and 
colleagues [see, for example, (9—//)] made 
several theoretical advances and performed 
a remarkably extensive and systematic series 
of experiments and simulations on nickel- 
tungsten (Ni-W) binary alloys. Tungsten is 
a weakly segregating solute with consider- 
able solubility in the nickel matrix. Grain size 
decreases with higher solute concentrations, 
so a full range of nanocrystalline grain sizes 
could be accessed. 

Although it appears that y can be made 
very low by a choosing a suitable concen- 
tration of the solute W, it 
does not go to zero. How- 
ever, for applications at 
room temperature or only 
modestly elevated tempera- 
tures, the alloy is metasta- 
ble and can be used in com- 
mercial applications. An 
electroplated nanocrystal- 
line Ni-W alloy provides a 
hard coating with excellent 
wear and corrosion proper- 
ties (12). It also is widely 
used as an undercoated bar- 
rier for electrical contacts 
and retains its properties 
at modestly elevated tem- 
peratures (~300°C). The 
figure compares the coars- 
ening in a pure electrode- 
posited nanocrystalline Ni 
after annealing for 30 min 
at 300°C with that in a nano 
Ni-W alloy (13 atomic per- 
cent W) after annealing for 
the same time at 600°C (//, 
13). In both cases, the ini- 
tial grain size was 20 nm. 
The pure nanocrystalline Ni 
underwent massive coars- 
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ening, whereas the Ni-W alloy only coars- 
ened modestly to 28 nm. 

Of interest here is that the alloy did suf- 
fer some grain growth. Many nanocrystalline 
alloys of technological interest are prepared 
by powder metallurgy routes that involve 
prolonged periods at high temperatures dur- 
ing powder consolidation. Thus, it will be of 
practical value, as well as of scientific inter- 
est, to produce a nanocrystalline alloy that is 
essentially thermodynamically stable, not just 
metastable, and considerable effort has gone 
into achieving this goal. In 1993, Weissmiil- 
ler (14) presented a thermodynamic approach 
to finding such alloys. Further developments 
were carried out by Kirchheim and co-work- 
ers (15), who examined only alloys in the 
limit of high dilution. 

An important consideration, the possibil- 
ity of phase separation, was not addressed 
previously. Chookajorn et al. developed a 
theoretical framework, based on thermo- 
dynamic considerations, that can be used 
to design stable nanocrystalline alloys. A 


type of Ashby map was constructed for W 
alloys, with axes of enthalpy of segregation 
and enthalpy of mixing, which divides the 
space so defined into nanocrystalline-stable 
and bulk-stable regions for W-based binary 
alloys. After considering about a dozen W 
alloys, the authors chose W-Ti as a model to 
test the theories. Samples of a W-Ti alloy with 
20 atomic percent Ti annealed for 1 week at 
1100°C increased in grain size from 22 nm 
to only 24 nm, essentially within the error 
limits. The structure exhibits a nonuniform 
chemical distribution that appears critical to 
its stability. 

The approach described by Chookajorn et 
al. for producing stable nanocrystalline alloys 
and its verification open the way for synthesis 
of an assortment of high-strength nanocrys- 
talline alloys that can withstand high process- 
ing as well as high service temperatures. It 
will be interesting to explore their mechanical 
properties and behavior under stress, espe- 
cially time-dependent deformation, which is 
known to destabilize microstructures. 
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CELL BIOLOGY 


The Unusual Case 


Lawrence Lum’ and Hans Clevers? 


arlier this year, with little fanfare, 
R= of the first small molecules tar- 

geting Wnt-mediated cellular signal- 
ing, called LGK974, entered a phase I clini- 
cal trial. Cell signaling that is controlled by 
secreted Wnt proteins is pivotal in animal 
development and tissue homeostasis, and has 
become a high-priority anticancer drug target 
given its essential role in colorectal cancer 
and its contribution to a broad range of other 
cancer types (/, 2). The importance of tar- 
geting this pathway was recently highlighted 
in a keynote address by Harold Varmus at a 
meeting in the Netherlands (3) marking the 
30th anniversary of the discovery of the first 
Wnt molecule (there are 19 of them). With 
Roel Nusse, Varmus linked deviant activ- 
ity of Wnt molecules to cancer. Although 
the target of LGK974—an acyltransferase 
called Porcupine (Porcn) that adds fatty acid 
to Wnt—has been well studied, few of the 
meeting participants were aware of the drug 
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of Porcupine 


candidate, reflecting the remarkable speed 
and circumstances whereby this compound 
was nominated as a clinical candidate. The 
atypical path to the discovery of LGK974 
may also signal changes in the approach 
to cancer drug discovery that include an 
increasing reliance on collaboration between 
government and industry to bring new drug 
targets to clinical testing. 

Discovered in screens for genes that 
affect embryonic patterning in the fruit fly 
(4), PORCN is the founding member of a 
16-gene family with predicted acyltransfer- 
ase activity. Given their multiple membrane- 
spanning domains, the proteins encoded by 
these genes are called membrane-bound 
O-acyltransferases (MBOATSs) to distin- 
guish them from cytoplasmic acyltransfer- 
ases such as those that modify the Ras proto- 
oncogene proteins. Two other family mem- 
bers have known protein substrates: Hhat 
modifies the signaling molecule Hedgehog, 
and Goat modifies the appetite-controlling 
hormone ghrelin. The fatty acyl modifica- 
tion of Wnt, Hedgehog, and ghrelin is essen- 
tial to their activity. Palmiteoylation of Wnt 
proteins on a highly conserved serine residue 
precedes their engagement with a chaperone 


A compound that targets the Wnt signaling 
pathway in cancer moves into therapeutic 
trials, 30 years after Wnt was discovered. 


molecule (Wntless), which then shepherds 
them through the secretory pathway. Thus, in 
the absence of Porcn to catalyze this modi- 
fication, Wnt proteins remain trapped inside 
the cell. This modification is also essential 
for Wnt binding to their cognate receptors 
(Frizzled proteins), as revealed in the crystal 
structure of Wnt and discussed at the recent 
Wnt anniversary meeting (5). The activity 
dependence of three major signaling mol- 
ecules on fatty acyl adducts suggests that 
coordination of cellular behavior in metazo- 
ans may be directly influenced by metabolic 
status of ligand-producing cells. 

The chemical tractability of Porcn was 
first revealed ina cell culture—based screen for 
small molecules that disable signaling by Wnt 
at the level of the transcriptional effector of 
the Wnt pathway, T cell factor (Tcf) (6). One 
class of small molecule identified through this 
strategy stabilizes Axin proteins by inhibiting 
Tankyrase (Tnks) enzymes (7). Axins scaf- 
fold a protein complex that destroys B-catenin, 
a downstream signaling molecule in the Wnt 
pathway that controls target gene expression. 
Another class identified by this approach dis- 
ables Porcn and Wnt protein production (6). 
Porcn affords the more potent and selective 
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Reverse chemical genetic strategy: 
Tankyrase inhibitors that promote 
B-catenin destruction 


Forward chemical genetic strategy: 
Porcupine inhibitors that block 
Wnt production 


Mutated in 
~40% lung cancer 


Mutated in ~80% 
colorectal cancer 


~20% cervical carcinoma 
Peutz-Jeghers syndrome 


Frequently mutated in 
cystic pancreatic cancer 


- ys \“SSs | 


_ 


| 


J 
cfiLef SS 
NING 


Target gene 
transcription 


cfiLef pat] = 
GNINATNAG) 


Target gene 
transcription 


Blocking Wnt signaling. Two chemical genetic strategies have identified small molecules that inhibit Wnt 
signaling. Certain cancers have mutations in constituents of the pathway. Apc, adenomatous polyposis coli; 
Tcf, T cell factor; Lef, lymphoid enhancer binding factor; Fzd, Frizzled; Lkb1, liver kinase B1; Rnf43, ring finger 
protein 43; Lrp5/6, LDL-related proteins 5/6; B-cat, B-catenin. 


means of inhibiting Wnt signaling given the 
superior activity of Poren inhibitors (6) and 
the established roles of Tnks enzymes in non- 
Wnat-associated functions. Yet, with our lim- 
ited understanding of MBOAT enzymology 
and cellular functions, and the remote pros- 
pect of acquiring structural information to 
guide the development of MBOAT antago- 
nists, Porcn is in many ways an atypical drug 
target. In light of these challenges and the pre- 
sumed lack of utility of Porcn inhibitors in the 
cancer type most strongly linked to Wnt sig- 
naling (colorectal cancer), the clinical testing 
of LGK974 represents a bold move but also 
reflects a confidence in the ultimate utility of 
achieving chemical control of key cell fate 
determination pathways in the management 
of disease. 

Genetic approaches that abrogate Wnt 
signaling have indicated that the intense 
self-renewal process of the intestinal epithe- 
lium is absolutely dependent on Wnt signals 
(8). This has largely shaped opinion on the 
viability of therapeutic strategies targeting 
Wnt signaling. The initiation of dose-esca- 
lation studies (to determine how a drug is 
tolerated in patients) for a Porcn inhibitor 
should indicate whether toxicity issues asso- 
ciated with targeting Wnt-dependent cellu- 
lar responses with drugs is more limited 
than anticipated. Indeed, genetic evidence 
derived from animals depleted of Paneth 
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cells in the gut, which provide a Wnt signal 
to gut epithelial stem cells, reveal the adapt- 
ability of this stem cell compartment in the 
face of insults (9-/ 1). 

The Tnks inhibitors were identified by 
targeted disruption of the Wnt pathway in 
colorectal cancer cells that typically carry a 
mutation in the adenomatous polyposis coli 
(APC) gene. Such cells harbor an activated 
Wnt pathway in the absence of Wnt. By con- 
trast, the Porcn inhibitors were identified 
through a reverse chemical genetics cam- 
paign wherein the discovery of compounds 
precedes their evaluation for therapeutic util- 
ity in different disease settings (see the fig- 
ure). Two genetic indications for the poten- 
tial use of Porcn inhibitors in cancerous set- 
tings have so far been identified from min- 
ing microarray and functional genomics data 
sets for regulators of Wnt signaling—the 
presence of loss-of-function mutations in 
the LKB/ tumor suppressor kinase gene that 
restrains the activity of Wnt receptors (Friz- 
zled) and in the RNF 43 transmembrane ubiq- 
uitin ligase gene that promotes the turnover of 
these receptors (12—/4). Loss of either gene 
increases Wnt ligand-dependent signaling, 
which can be reversed by Porcen inhibitors. 
Given that mutations in RNF'43 and LKB/ are 
frequently observed in cystic pancreatic and 
lung cancer, respectively, these efforts high- 
light two cancer types that may afford robust 
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measures of LGK974 clinical utility should 
it prove well tolerated in humans (/5, /6). 
In lung and pancreatic cancers, Wnt ligand- 
dependent signaling may also be essential in 
promoting distal metastasis (/7, 78). 

The unanticipated entry of a Porcn inhibi- 
tor into clinical testing this year is indicative 
of increased coordination between pharma- 
ceutical companies and academic research 
centers to identify new clinical targets in 
response to decreased research funding in 
both private and government sectors. Thus, a 
need emerges to improve upon reverse chem- 
ical genetic strategies for matching disease 
to small molecules that increasingly origi- 
nate from efforts to net chemical probes for 
basic research rather than for targeting spe- 
cific genetic mutations. The advancement 
of a Porcn inhibitor for clinical testing also 
reflects a growing confidence in the anti- 
cancer promise of targeting cellular pro- 
cesses that have been long defined by their 
role in embryonic development. Indeed, this 
effort to target Wnt signaling follows on the 
approval earlier this year by the U.S. Food 
and Drug Administration for the use of Vis- 
modegib, a small molecule that disrupts the 
Hedgehog signaling pathway, in the manage- 
ment of metastatic basal cell carcinoma. The 
attempt to target Porcn in cancer hopefully 
signifies a renewed courage to pursue nontra- 
ditional classes of drug targets and to rapidly 
expand the anticancer therapeutic arsenal. 
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BIOCHEMISTRY 


Walking on Solid Ground 


B. F. Dickey 


ucosal surfaces throughout the 
human body—including those of 
the respiratory, gastrointestinal, 


and genitourinary tracts—are wet tissues that 
include some form of mucus gel among their 
defenses (/). In the airways, the mucus gel 
layer is propelled out of the lungs by ciliary 
beating and continually renewed by secre- 
tion of polymeric mucins (see the figure, pan- 
els A and B). This process enables the rapid 
removal of inhaled pathogens and toxicants 
(2). The conventional model has been that the 
mucus gel layer is suspended above a fluid 
periciliary layer by the beating of cilia. How- 
ever, as Button et al. report on page 937 of this 
issue (3), this model is fundamentally wrong. 
The authors show that the periciliary layer 
has a macromolecular glycoconjugate struc- 
ture with a higher density than the mobile gel 
layer. This dense network is grafted to the epi- 
thelial surface. 

The incorrect impression of a fluid peri- 
ciliary layer seems to have arisen because 
microscopy using older fixation techniques 
did not show any structure and because intu- 
ition suggests that motile cilia should move 
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Airway mucus layers. (A) A mobile mucus gel is continually swept out of the 
lungs and swallowed (blue). (B) The mucus layer moves over an immobile peri- 
ciliary layer. Secretory cells synthesize polymeric mucins that form the mobile 
gel; ciliated cells propel the gel. (C) Secretory cells release mucin polymers that 
travel upwards to be incorporated into the mobile gel layer. Button et al. now 


best in a fluid. However, more recent studies 
have revealed a dense network of macromole- 
cules in the periciliary layer, emanating from 
the surface of cilia, microvilli, and apical cell 
membranes (3, 4). This network is mainly 
composed of mucin proteins tethered to the 
cell surface by transmembrane domains, and 
tethered mucopolysaccharides closer to the 
cell surface (5). Mucins are large, heavily 
glycosylated proteins. Because the charged 
sugar moieties repel each other, membrane- 
tethered mucins adopt a partially extended 
configuration protruding from the cell sur- 
face (see the figure, panels C and D). 

These observations led Button ef al. to 
propose a gel-on-brush model, in which the 
mucus gel overlies a brush with mucin and 
mucopolysaccharide bristles. The model has 
several important implications. First, it helps 
to explain how distinct mucus and periciliary 
layers form in the liquid overlying the epithe- 
lium. The dense packing of grafted mucins in 
the periciliary layer will tend to exclude unat- 
tached polymeric mucins, which form the 
mobile gel layer. 

The model may also help to explain the 
coordination of the rhythmic beating of the 
cilia, which are physically coupled by the 
spatial impingement of grafted mucins on 
neighboring cilia. 


= 


DING 
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A gel-on-brush model for the mucosal surfaces 
in the human airways helps to explain how 
common airway diseases arise. 


Furthermore, charged polymers are 
highly effective lubricants in an aqueous 
environment (6). This lubrication could 
enable low-friction ciliary beating despite 
the density of macromolecules in the peri- 
ciliary layer, as well as low friction between 
the periciliary and mobile gel layers. 

Button e¢ al. show that mucins and teth- 
ered mucopolysaccharides are grafted with 
increasing density from the top of the peri- 
ciliary layer (in contact with the gel layer) to 
its bottom (in contact with the epithelial sur- 
face). This arrangement should propel exog- 
enous particles out of the periciliary layer, 
minimizing contact between the epithelium 
and infectious microbes with diameters 
above 40 nm (including bacteria, fungi, and 
large viruses) (4, 7). 

Finally and most importantly, this model 
offers a quantitative explanation of the 
movement of liquid between layers in health 
and disease. The higher density of glycocon- 
jugates in the periciliary layer than in the gel 
layer and their grafting to the cell surface 
result in a nearly constant amount of liquid 
in the periciliary layer, except under con- 
ditions of severe underhydration. Because 
they are grafted, periciliary glycoconjugates 
have little ability to absorb more liquid and 
swell with increasing hydration. Instead, 
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show that glycoconjugates (membrane-tethered mucins and mucopolysaccha- 
rides) are present in the periciliary layer at greater density than glycoconju- 
gates (polymeric mucins) in the gel layer. (D) Densely packed sugar side chains 
cause membrane-tethered mucins to assume a partially extended configuration, 
whereas mucins in the gel layer are random entangled coils. 
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increased liquid causes swelling of the 
mobile gel layer; such swelling is generally 
well tolerated (S). With decreasing hydra- 
tion, the periciliary layer draws liquid from 
the gel layer because of the higher osmotic 
modulus of the periciliary layer, attenuating 
dehydration of the periciliary layer until the 
gel layer becomes too dehydrated to resist 
further liquid transfer. At this point, mucus 
clearance fails catastrophically because 
compression of cilia prevents their propul- 
sive action (3) and probably also as a result 
of adhesion between the two layers (9). 
Underhydration may be caused by a pri- 
mary defect in the volume of liquid within the 
airway lumen in cystic fibrosis or by acquired 
defects in chronic obstructive pulmonary 
disease (COPD) and airway infections (2). 
Indirect underhydration of the gel layer may 
occur when polymeric mucins are produced, 
stockpiled, and then suddenly released in 
asthma, overwhelming the normal liquid vol- 
ume (/0). Another cause of underhydration 
in cystic fibrosis is the failure of polymeric 
mucins to fully expand after exocytosis due 
to defective bicarbonate secretion, resulting 
in inadequate calcium ion sequestration and 
excessive mucin cross-linking (//—/3). 


One issue not addressed by Button ef al. 
is that the absence of cilia and their grafted 
mucins would seem to leave gaps in the peri- 
ciliary macromolecular network overlying 
secretory cells (see the figure, panels B and 
C). Some space may be needed for mucin 
polymers to flow from secretory granules to 
the mobile gel layer (/4). The gap is partially 
filled by the outward bulging of secretory 
cells (see the figure, panel C). In addition, 
one of the largest proteins in the mamma- 
lian genome, the mucin MUC16, is tethered 
to the surface of secretory cells (4), where it 
may form an effective glycoconjugate brush 
together with tethered mucopolysaccharides. 

The gel-on-brush model proposed by But- 
ton et al. has the capacity to provide a com- 
mon underlying mechanism to explain the 
progression of human airway diseases that 
have mucus stasis, inflammation, and infec- 
tion in common. It has immediate implica- 
tions for understanding how contact between 
pathogens and the underlying epithelial cells 
is prevented and how airway surface liquid is 
allocated between the two layers. The gel-on- 
brush model and the pioneering measurement 
methods of Button ef a/. should be used in the 
future to see how factors such as mesh size, 
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osmotic modulus, rate of mucus clearance, 
and degree of microbial colonization change 
in mutant animals (for example, tethered 
mucin or ion channel deletants) or in con- 
ditions of challenge (for example, asthma or 
infection models). Eventually, these insights 
should help to yield novel therapeutic strate- 
gies for airway diseases. 
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CANCER 


Glycosylation to Adapt to Stress 


Katherine R. Mattaini' and Matthew G. Vander Heiden’ 


Te metabolism of cancer cells differs 
from that of nontransformed cells (Z), 
yet the mechanism for regulating meta- 
bolic pathways in cancer cells is incompletely 
understood. On page 975 of this issue, Yi e¢ 
al. (2) report that modification of the enzyme 
phosphofructokinase-1 (PFK1) by O-linked 
B-N-acetylglucosamine (O-GlcNAc) controls 
its catalytic activity in cancer cells and affects 
carbon distribution, redox balance, and tumor 
formation. Unlike most metabolic changes 
reported in cancer, this mode of regulation 
appears to be tumor specific. 

PFK1 catalyzes the third step of glycoly- 
sis—the phosphorylation of fructose-6-phos- 
phate (F6P) by adenosine 5’-triphosphate 
(ATP) to generate fructose-1,6-bisphosphate 
(FBP) and adenosine 5’-diphosphate (ADP) 
(see the figure). This reaction is the rate-lim- 
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iting step of glycolysis under some physi- 
ological conditions (3), and as such, PFK1 
is subject to complex allosteric regulation. 
PFK1 is directly inhibited by ATP, citrate, 
lactate, and long-chain acyl-coenzyme As 
(Acyl-CoAs) (4), likely because accumu- 
lation of these metabolites is a sign of ade- 
quate cellular nutrition. Conversely, PFK1 
can be activated by adenosine 5’-mono- 
phosphate (AMP) and fructose-2,6-bispho- 
sphate (F2,6BP) (4). F2,6BP is a critical 
determinant of physiological PFK1 activity, 
and F2,6BP concentration is controlled by 
a bifunctional enzyme, 6-phosphofructo-2- 
kinase/fructose-2,6-biphosphatase (PFK2), 
that both produces and degrades F2,6BP. 
Selective expression of particular PFK2 iso- 
forms can bias PFK1 toward a more or less 
active state. For example, the PFKFB3 iso- 
form of PFK2 favors production of F2,6BP 
and increases glycolysis (5), whereas the 
PFKFB4 isoform of PFK2 favors degrada- 
tion of F2,6BP and is important for prostate 
cancer cell survival (6). Additional cell sig- 


Cancer cells may cope with oxidative stress 
through the glycosylation of a metabolic enzyme. 


naling events important in cancer also con- 
verge on the regulation of PFK1 activity. For 
instance, the gene 7/GAR, whose expression 
is induced by the tumor suppressor protein 
p53, encodes a phosphatase that converts 
F2,6BP to F6P and thereby decreases glucose 
metabolism through PFK1. This can redirect 
carbon flow into the oxidative pentose phos- 
phate pathway to produce the reduced form 
of nicotinamide adenine dinucleotide phos- 
phate (NADPH), which helps cells adapt to 
oxidative stress (7). 

Posttranslational modifications play a key 
role in controlling enzyme activity. Although 
PFK1 is regulated by phosphorylation (8), Yi 
et al. demonstrate that O-GlcNAcylation also 
controls its activity. An alternative product of 
glucose metabolism, $-N-acetylglucosamine 
(GlcNAc), can be transferred to the hydroxyl 
group of serine and threonine residues on 
proteins to generate the O-GlcNAcylated 
product. The degree of protein O-GlcNAcyl- 
ation is determined by differential activities 
of the enzymes O-GlcNAc transferase and 
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Converging on PFK1. PFK1 catalyzes the formation of FBP from F6P in glycolysis. Decreased PFK1 activ- 
ity diverts glucose carbon from glycolysis and downstream biosynthetic pathways to the oxidative pentose 
phosphate pathway (PPP). This allows production of NADPH to maintain reduced glutathione pools (GSH) and 
allow cells to counteract oxidative stress. RSP, ribose-5-phosphate; GSH/GSSG, reduced/oxidized glutathione. 


O-GlcNAcase, as well as the abundance of 
the metabolites used in the biosynthesis of 
GlcNAc (9). O-GlcNAc transferase expres- 
sion has been linked with cancer (/0), as 
well as other diseases (9); however, because 
only one enzyme catalyzes this modifica- 
tion and the basis for substrate specificity is 
unknown, the identification of key substrates 
has been challenging. 

Yi et al. report that O-GleNAcylation of a 
key serine residue on PFK 1 (Ser™’) decreases 
enzyme activity and regulates central metab- 
olism. As a result, more glucose carbon 
enters the oxidative pentose phosphate path- 
way. Because this pathway boosts the pro- 
duction of NADPH and reduced glutathione 
(GSH), cells with higher PFK1 O-GlcNAc- 
ylation are resistant to reactive oxygen spe- 
cies—induced cell death and proliferate bet- 
ter under hypoxia. Furthermore, Yi ef al. 
observed that glycosylation of PFK1 leads 
to larger xenograft tumors in mice. Although 
O-GlcNAcylation of Ser decreases PFK1 
activity, this residue is also partially respon- 
sible for the binding of F2,6BP to PFK1, 
which boosts the enzyme’s activity (//). 
Nevertheless, Yi et al. show that under con- 
ditions when PFK1 is normally glycosyl- 
ated, the S529A mutant (in which Ser”? 
is replaced by alanine) is more active than 
wild-type PFK1, suggesting that the effect of 


O-GlcNAcylation can be dominant. 

PFK1 glycosylation is stimulated by 
both hypoxia and glucose deprivation and is 
observed in multiple human cancer cell lines 
and tissue samples (2). Hypoxia increases 
glucose uptake (/) that in turn can increase 
GlcNAc concentrations (/2), whereas glu- 
cose-deprived cells increase O-GlcNAc 
transferase expression (/2). Therefore, it 
appears that different mechanisms increase 
PFK1 GlcNAcylation under different physio- 
logical conditions. Intriguingly, PFK1 glyco- 
sylation is not increased in highly prolifera- 
tive normal T cells or epithelial cells, indicat- 
ing that this mechanism of controlling PFK1 
activity is not characteristic of all dividing 
cells. High glycolytic rates support anabolic 
metabolism in many cancer and normal pro- 
liferating cells (/), so it is puzzling that the 
modification of PFK1 to lower its activity is 
adaptive only for transformed cells. Because 
PFK1 is such a proximal step in glycolysis, a 
decrease in enzyme activity can only redirect 
carbon from glucose into a limited number of 
pathways, and for most cancer cells this will 
be the oxidative pentose phosphate pathway. 

Why increase activity of the oxidative 
pentose phosphate pathway at the expense 
of all other biosynthetic pathways down- 
stream of PFK1? The pentose phosphate 
pathway is important for nucleotide synthe- 


sis to support cell proliferation, but the non- 
oxidative branch produces ribose precur- 
sors for nucleotides in many tumors (/3). 
The oxidative branch of the pentose phos- 
phate pathway also produces NADPH, and 
because glycosylation is dynamic, exposing 
cells to oxidative stress may cause PFK1 to 
become O-GlcNAcylated, thereby allow- 
ing rapid NADPH production. A similar 
response is observed with TIGAR-medi- 
ated inhibition of PFK1 to increase NADPH 
production (7). However, because the lat- 
ter is a transcriptional response, which is 
slower than a posttranslational modification, 
PFK1 O-GlcNAcylation may allow cancer 
cells to adapt to a rapidly changing micro- 
environment and to the higher amounts of 
reactive oxygen species characteristic of 
transformed cells (/). Although counterin- 
tuitive, physiological hypoxia also leads to 
increased production of cellular reactive 
oxygen species (/4), and increased PFK1 
glycosylation may help tumors adapt to 
growth in low-oxygen environments. 

A better understanding of how O-GlcNAc 
transferase substrate specificity for PFK1 is 
determined would aid efforts to target this 
mode of regulation for therapeutic interven- 
tion. Nevertheless, if PFK1 glycosylation is 
a response to oxidative stress rather than a 
mechanism to promote anabolic metabolism, 
there is reason for optimism that this pathway 
could be tumor specific and therefore a good 
target. Interference with PFK1 O-GlcNAc- 
ylation might find particular efficacy as an 
adjuvant to other forms of therapy that pro- 
mote reactive oxygen species formation. 
Many cancers already cope with increased 
oxidative stress, and thus, using an agent to 
block this adaptive response may exploit a 
preexisting weakness that is specific to trans- 
formed cells. 
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Luminous Supernovae 


Avishay Gal-Yam 


Supernovae, the luminous explosions of stars, have been observed since antiquity. However, 
various examples of superluminous supernovae (SLSNe; luminosities >7 x 10°? ergs per second) 
have only recently been documented. From the accumulated evidence, SLSNe can be classified 
as radioactively powered (SLSN-R), hydrogen-rich (SLSN-II), and hydrogen-poor (SLSN-I, the most 
luminous class). The SLSN-II and SLSN-I classes are more common, whereas the SLSN-R class is 
better understood. The physical origins of the extreme luminosity emitted by SLSNe are a focus of 


current research. 


rn /\ 


minous (Fig. 1) (see text S1 for considerations 
related to determining this threshold) (2). 


Recent Surveys and the Discovery of SLSNe 


Modern studies based on large SN samples and 
homogeneous, charge-coupled device—based lu- 
minosity measurements show that SLSNe are 
very rare in nearby luminous and metal-rich host 
galaxies (3, 4). Their detection therefore requires 
surveys that monitor numerous galaxies of all 
sizes in a large cosmic volume. The first genera- 
tion of surveys covering large volumes was de- 
signed to find numerous distant type Ia SNe for 
cosmological use. These observed relatively small 
fields of view to a great depth, placing most of the 

effective survey volume at high 


upernova explosions play 4 ; redshift (5). 
S important roles in many en An altemative method for sur- 
aspects of astrophysics. -o9L veying a large volume of sky is 
They are sources of heavy ele- ee ee to use wide-field instruments to 
ments, ionizing radiation, and -21 SLSN threshold — — % SLSN-R _| cover a large sky area with rel- 
energetic particles; they drive SB a® aa atively shallow imaging. With 
gas outflows and shock waves = 20 ee 1 most of the survey volume at 
that shape star and galaxy for- oO aol ONE low redshift, one can conduct an 
mation; and they leave behind 3 sibel efficient untargeted survey for 
compact neutron star and black © -18+ 7 CIMIES nearby SNe. Such surveys pro- 
hole remnants. The study of super- S v vided the first well-observed ex- 
novae has thus been actively ao ole amples of SLSNe, such as SN 
pursued for many decades. = 1999as (6), which turned out to 
The past decade has seen the 2 ae be the first example of the ex- 
discovery of numerous superlu- tos) tremely °°Ni-rich SLSN-R class 
minous supernova events (SLSNe; (7), and SN 1999bd (8) (Fig. 2), 
Fig. 1). Their study is motivated 14+ which is probably the first well- 
by their likely association with documented example of the SLSN- 
the deaths of the most massive ao rs 100 200 300 400 500 600 TI class (9). 


stars, their potential contribu- 
tion to the chemical evolution of 
the universe and (at early times) 
to its reionization, and the possi- 
bility that they are manifestations 
of physical explosion mecha- 
nisms that differ from those of 
their more common and less Iu- 
minous cousins. 

With extreme luminosities ex- 
tending over tens of days (Fig. 1) 
and, in some cases, copious ultraviolet (UV) flux, 
SLSN events may become useful cosmic beacons 
enabling studies of distant star-forming galaxies 
and their gaseous environments. Unlike other 
probes of the distant universe, such as short-lived 
gamma-ray burst afterglows and luminous high- 
redshift quasars, SLSNe display long durations 
coupled with a lack of long-lasting environmental 
effects; moreover, they eventually disappear and 
allow their hosts to be studied without interference. 

Supemovae traditionally have been classified 
mainly according to their spectroscopic properties 
[see (/) for a review]; their luminosity does not 
play a role in the currently used scheme. In prin- 
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Days from peak 


Fig. 1. The luminosity evolution (light curve) of supernovae. Common SN explosions 
reach peak luminosities of ~10*? ergs s~* (absolute magnitude > —19.5). Super- 
luminous SNe (SLSNe) reach luminosities that are greater by a factor of ~10. The 
prototypical events of the three SLSN classes—SLSN-I [PTFO9cnd (4)], SLSN-II [SN 
2006gy (12, 13, 77)], and SLSN-R [SN 2007bi (7)]—are compared with a normal 
type la SN (Nugent template), the type IIn SN 2005cl (56), the average type Ib/c 
light curve from (65), the type Ilb SN 2011dh (78), and the prototypical type II-P SN 
1999em (79). All data are in the observed R band (80). 


ciple, almost all SLSNe belong to one of two 
spectroscopic classes: type In (hydrogen-rich 
events with narrow emission lines, which are 
usually interpreted as signs of interaction with 
material lost by the star before the explosion) or 
type Ic (events lacking hydrogen, helium, and 
strong silicon and sulfur lines around maximum, 
presumably associated with massive stellar ex- 
plosions). However, the physical properties im- 
plied by the huge luminosities of SLSNe suggest 
that they arise, in many cases, from progenitor 
stars that are very different from those of their 
much more common and less luminous analogs. 
In this review, I propose an extension of the clas- 
sification scheme that can be applied to super- 
luminous events. 

I consider SNe with reported peak magnitudes 
less than —21 mag in any band as being superlu- 


Further important detections 
resulted from the Texas Super- 
nova Survey (TSS) (/0) (text S2). 
On 3 March 2005, TSS detected 
SN 200Sap, a hostless transient 
at 18.13 mag. Its redshift was z = 
0.2832, which indicated an ab- 
solute magnitude at peak around 
—22.7 mag, marking it as the most 
luminous SN detected until then 
(1). SN 2005ap is the first ex- 
ample of the class defined below as SLSN-I. On 
18 November 2006, TSS detected a bright tran- 
sient located at the nuclear region of the nearby 
galaxy NGC 1260 [SN 2006gy (/2)]. Its mea- 
sured peak magnitude was ~ —22 mag (/2, 13). 
Spectroscopy of SN 2006gy clearly showed hy- 
drogen emission lines with both narrow and 
intermediate-width components, leading to a spec- 
troscopic classification of SN IIn; this is the proto- 
type and best-studied example of the SLSN-II 
class. 

During the past few years, several untargeted 
surveys have been operating in parallel (/4). The 
large volume probed by these surveys and their 
coverage of a multitude of low-luminosity dwarf 
galaxies have led, as expected (/5), to the detec- 
tion of numerous unusual SNe not seen before 
in targeted surveys of luminous hosts; indeed, 
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the SN population in dwarf galaxies has been 
shown to differ from that observed in giant hosts 
(16). More details about these surveys [includ- 
ing the Catalina Real-Time Transient Survey 
(CRTS), the Palomar Transient Factory (PTF), 
and the Panoramic Survey Telescope and Rapid 
Response System | (PS1)] and their results are 
provided in the supplementary materials. 


Emerging Classes of Superluminous SNe 


A total of 18 SLSNe have been discussed in the 
literature (Table 1). These objects can be grouped 
into three classes that share observational and 
physical attributes. 

SLSN-R. Of all classes of SLSNe, this seems 
to be the best understood. SLSN-R events are 
powered by large amounts (several solar masses, 
Mo) of radioactive *°Ni produced during the ex- 
plosion of a very massive star. The radioactive 
decay chain °°Ni > *°Co > *°Fe deposits en- 
ergy via y-ray and positron emission, which is 
thermalized and converted to optical radiation 
by the expanding massive ejecta. The luminosity 
of the peak is broadly proportional to the amount 
of radioactive *°Ni, whereas the late-time decay 
(which in the most luminous cases begins imme- 
diately after the optical peak) follows the theo- 
retical *°Co decay rate (0.0098 mag day '). The 
luminosity of this cobalt radioactive tail can also 
be used to estimate the initial °°Ni mass. 

The first well-observed example of this group 
was SN 2007bi, detected by the PTF “dry run” 
experiment (7). Its large °°Ni mass was measured 
using both the peak luminosity (—21.35 mag abso- 
lute) and the cobalt decay tail, followed for >500 
days. Estimates derived from the 
observations as well as via com- 
parison to other well-studied events 
(SN 1987A and SN 1998bw) con- 
verge on a value of M;.., +5 Mo. 
The large amount of radioactive 


or as traces of circumstellar material (CSM) inter- 
action]; hence, the ejecta mass directly constrains 
the mass of the exploding helium core, which is 
likely dominated by oxygen and heavier elements. 
Scaling relations based on the work of Amett (/7), 
as well as comparison of the data to custom light- 
curve models (7), indicate an ejecta mass of M = 
100 Mo. Analysis of the nebular spectra provides 
an independent lower limit on the mass, / > 50 
Mo, with a composition similar to that expected 
from theoretical models of massive cores explod- 
ing via the pair-instability process. A lower ejecta 
mass (M = 43 Mo) has been proposed (/8). In 
any case, there is no doubt that these explosions 
are produced by extremely massive stars, with 
the most massive exploding heavy-element cores 
known to date. The scaling relations used in (7) 
also indicate extreme values of ejecta kinetic en- 
ergy (approaching E;, = 10° ergs). Finally, the 
integrated radiated energy of this event over its 
very long lifetime is high (>10°! ergs). 

SN 1999as, one of the first genuine SLSNe 
detected (6), was shown to be similar to SN 2007bi 
during its photospheric phase, reaching —21.4 mag 
absolute at peak (7) (Fig. 3); another analysis (/9) 
suggested physical attributes °°Ni mass, kinetic 
energy, and ejected mass) that are close to but 
somewhat lower than those of SN 2007bi. Un- 
fortunately, no late-time data have been published 
for this object, so it is impossible to conduct the 
same analysis carried out for SN 2007bi, but the 
similarities suggest that this was likely another 
member of the SLSN-R class. 

Recently, the Lick Observatory Supernova 
Search [LOSS (20)] detected the luminous type 


Table 1. SLSN properties by class. We list the reported redshifts, homogenized 
absolute peak magnitudes (see text $1), and total radiated energies as taken from 
the literature. The published post-peak magnitude of SN 2006tf (44) (M < -20.7 
mag) is below our fiducial cutoff. 


Ic SN 2010hy (2/, 22). After this detection, the 
event was also recovered in PTF data (and des- 
ignated PTF 10vwg). Although final photometry 
is not yet available for this event, preliminary 
Katzman Automatic Imaging Telescope and PTF 
data indicate a peak magnitude of —21 mag or 
brighter. The event is spectroscopically similar 
to other SLSNe-R (Fig. 3), which suggests that 
it is also likely a member of this class. 

Objects of this subclass are exceedingly rare, 
and additional examples are scarce. During the 
past 2 years, the PTF survey has detected an- 
other likely member, PTF10nmn (23) (Fig. 3), 
with properties similar to those of SN 2007bi, 
while PS1 may have discovered another similar 
object at a higher redshift (24). Assembling a 
reasonable sample of such events may thus be a 
time-consuming process. 

Some photospheric spectra of SLSNe-R 
(7, 23, 25) (Fig. 3) show forbidden line emis- 
sion, notably Ca 1 and probably also Mg m1. Such 
lines are usually only observed during the neb- 
ular phase of SNe, when the ejecta are opti- 
cally thin, which is clearly not the case here. The 
superposition of this nebular-like emission on 
an underlying photospheric spectrum may hint 
at a complex geometry of the emitting region (mo- 
tivating spectropolarimetric studies), but no ex- 
planations for this phenomenon have been put 
forth so far. 

SN 2007bi is hosted by a dwarf galaxy [with 
luminosity similar to that of the Small Magellan- 
ic Cloud (SMC)], with relatively low metallicity 
(Z = Ze/3) (25)—somewhere between those of 
the Large Magellanic Cloud (LMC) and the SMC. 
Thus, although the progenitor 
star of this explosion probably 
had subsolar metal content, there 
is no evidence that it had very 
low metallicity. The host galaxy 
of SN 1999as is more luminous 


material powers a long-lasting . Absolute Radiated (and thus likely more metal-rich) 
phase of nebular emission, dur- Supernova Redshift peak (mag) energy (ergs) Reference than that of SN 2007bi, but still 
ing which the optically thin ejec- SLSN-R fainter than typical giant galaxies 
ta are energized by the decaying i . 51 such as the Milky Way (3), where- 
radionuclides. Analysis of late- Bi =" a ars ae ee () as the host galaxy of PTF10nmn 
time spectra obtained during this SLSN hie a “ea (29) seems to be as faint as or fainter 
phase (7) provides independent ; 52 than that of SN 2007bi. This class 
. a €S$100217 0.147 —23.07 1.3 x 10 (58) : : 
confirmation of the large initial SN 2008¢ 0.133 39 34 1a 103 of objects may thus typically ex- 
SNi mass via detection of strong SN 2008 2 0.2338 Beer a a 10° ee plode in dwarf galaxies. 
nebular emission from the large a . “oe nen The observations of SLSNe-R 
. 5 SN 2008es 0.205 —22.21 1.1 x 10 (36, 38) «a 
mass of resulting °Fe, as well as ea strongly indicate that these events 
fhe j at SN 2006gy 0.019 —22.0 2.3 to 2.5 x 10 (12, 13) : 
e integrated emission from all eT are powered by massive-star ex- 
: SN 2003ma 0.289 —21.52 4x 10 (45) : : 
elements, powered by the remain- 50 plosions that synthesize several 
«56 SN 2006tf 0.074 < —20.7 7x 10 (44) apts ON 
ing ~’Co. SLSN-I solar masses of radioactive °°Ni, 
Estimation of other physical SN 2005ap 0.2832 92.73 17907 (4, 11) but the physical nature of the ex- 
parameters of the SN 2007bi a plosion is a matter of some con- 
; SCP 06F6 1.189 -22.53 1.7 x 10 (4) 
event—in particular, the total 51 troversy. Theoretical work suggests 
‘ ; . PS1-10ky 0.956 22.53 0.9 to 1.4 x 10 (68) : : 
ejected mass (which provides a 5a two options. The first is an ex- 
a PS1-10awh 0.908 —22.53 0.9 to 1.4 x 10 (68) : : 
lower limit on the progenitor star treme version of the iron core 
2 ne PTFO9atu 0.501 —22.03 (4) : 
mass), its composition, and the a collapse model that is generally 
kineti : ‘ ‘ PTFO9cnd 0.258 —22.03 1.2 x 10 (4) ; 
etic energy it carrles—is more : assumed to take place in explo- 
: SN 2009jh 0.349 —22.03 (4) ; : 
complicated. There are no ob- Sh 2008 O37e eee 69) sions of massive stars that man- 
served signatures of hydrogen SN aniligs pees 56 6x 10 (4, 60) ifest themselves as common type 


in this event [either in the ejecta 


II SNe (/8, 26). The second is 
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the pair-instability mechanism 
[e.g., (27-32)]. The pair instabil- 
ity occurs during the evolution 
of very massive stars that devel- 
op oxygen cores above a critical 
mass threshold (~SO Mo). These 
cores achieve high temperatures 
at relatively low densities; sub- 
stantial amounts of electron- 
positron pairs are created prior 
to oxygen ignition; loss of pres- 
sure support, rapid contraction, 
and explosive oxygen ignition 
follow, leading to a powerful ex- 
plosion that disrupts the star. 
Extensive theoretical work indi- 
cates that such a result is unavoid- 
able for massive oxygen cores; 
when the core mass in question is 
large enough (~100 Mo, as in- 
ferred for SN 2007bi), many solar 
masses of radioactive nickel are 
naturally produced. It has been 
shown (18, 26) that a carbon- 
oxygen core with a mass of ~43 Mo 
(just below the pair-instability 
threshold) that explodes with an 
ad hoc large explosion energy 
(>10* ergs) can produce the re- 
quired large amounts of nickel 
(26) as well as the light curve 
shape of the SLSN-R prototype, 
SN 2007bi (/8). Both the pair- 
instability model and the mas- 
sive core collapse model fit the 
light curve shape of SN 2007bi 
equally well. However, because 
the progenitors of pair-instability 
explosions have larger cores and 
thus larger initial stellar masses— 
which are, assuming a declining 
initial mass function, intrinsically 
more scarce—the core collapse 
model has been claimed to be 
favored for SN 2007bi (33, 34). 
The two models agree about 
the nickel mass but strongly 
differ in their predictions about 
the total ejected mass. Total heavy- 
element masses above the 50 M, 
threshold would indicate a core 
that is bound to become pair- 
unstable, and would thereby rule 
out the core collapse model. The 
core collapse model of (8), which 
assumes a similar amount of ra- 
dioactive *°Ni and lower total 
ejected mass (to avoid the pair 
instability), predicts very strong 
nebular emission lines that are 
not consistent with the data for 


SN 2007bi. Thus, this model is not viable for this 
prototypical SLSN-R object, supporting instead a 
pair-instability explosion as originally claimed. It 
remains to be demonstrated whether the massive 
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Fig. 2. Spectra of SLSN-II events. A spectrum of SN 1999bd obtained on 22 March 
1999 with the 2.5-m Dupont telescope at Las Campanas (blue) is compared with 
spectra of SN 2006gy (12) (magenta), SN 2008am (57) (red), and a luminous SLSN- 
Il from PTF (PTF10qaf, cyan). The Balmer lines show narrow and intermediate-width 
components [compare with the narrow host oxygen (O 1) emission lines]. A promi- 
nent emission bump around 4600 A (short black vertical lines) is also a common 
feature. At a redshift of z = 0.1512, the absolute magnitude at discovery of SN 
1999bd was —21.6. Telluric bands are marked and sections of the spectrum of SN 
1999bd affected have been excised; the telluric A band strongly absorbs the red wing 
of the Ha line in this spectrum. 
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Fig. 3. Photospheric spectra of SLSN-R events SN 2007bi [blue (7)], SN 1999as 
[magenta (7)], PTF10nmn [black (23)], and SN 2010hy (cyan); all spectra were 
obtained close to peak. Identification of prominent spectral features as well as a 
synthetic SYNOW fit [red, from (7)] are also shown. 


core collapse model applies to real supernovae; if 
it does, the resulting SLSNe should show large 
amounts of radioactive nickel but relatively small 
amounts of total ejecta. 
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Assuming, for the sake of the 
current discussion, that these ex- 
plosions do arise from the pair 
instability, a clear prediction of 
the relevant theoretical models 
[e.g., (27, 28)] is that for each lu- 
minous, °°Ni-rich explosion (from 
acore around 100 M5) there would 
be numerous less luminous events 
with smaller *°Ni masses but large 
ejecta masses (I/> 50 Mo; fig. S2). 
These should manifest as events 
with very slow light curves (long 
rise and decay times) and moder- 
ate or even low peak luminosities. 

SLSN-II. This is probably the 
most commonly observed class 
of SLSN. Whereas some exam- 
ples were identified relatively early 
(e.g., SN 1999bd; Fig. 2), these 
objects became a focus of atten- 
tion only after the discovery of 
SN 2006gy (/2, 13). Since then, 
several additional examples have 
been studied in some detail. 
SLSNe-II show strong hydrogen 
features in their spectra; these 
explosions therefore typically oc- 
cur within thick hydrogen enve- 
lopes. This makes investigations 
of their nature more complicated 
because all information carried 
by electromagnetic radiation from 
the exploding core is reprocessed 
by the outer envelope. For this 
reason, our knowledge about their 
energy source (or sources) is still 
mostly speculative. By contrast, 
the physics responsible for con- 
verting the explosion energy into 
the observed radiation is better 
understood. 

Two main physical processes 
have been invoked to explain the 
conversion of explosion energy 
to emitted radiation in SLSNe-IL. 
The first process assumes that 
the explosion launches a power- 
ful shock wave expanding out- 
ward from the center of the star. 
This shock heats the material it 
traverses until it eventually es- 
capes from the effective outer 
edge of the star, where this effec- 
tive edge is the radius around 
which the material is no longer 
optically thick to radiation (35). 
The energy deposited by the 
shock is then slowly reemitted 
by the hydrogen-rich material as 
photons diffuse out, in analogy to 


the more common and much less luminous type 
II-P SNe, where this process occurs within the 
envelope of a red supergiant star. To account for 
the much higher observed SLSN-II luminosities, 
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the radius of the effective edge of the star must 
be substantially larger than the radii of even the 
largest red supergiants. Deposition of shock en- 
ergy into more compact stars is radiatively in- 
efficient because the deposited energy is quickly 
drained by adiabatic expansion. The observed 
luminosities probably also require an energetic 
explosion shock. The shape of the light curve is 
determined mostly by the density structure and 
composition of the material into which the energy 
was deposited. Several options have been suggested 
to explain the large effective radii (>10'° cm) re- 
quired for this mechanism to work. These include 
very large (bloated) stars [e.g., (36)], energy de- 
posited into massive (unbound) optically thick 
shells ejected by previous eruptions of the ex- 
ploding star that have expanded to the required 
radius [e.g., (37, 38)], or energy deposited into 
an optically thick massive stel- 
lar wind [e.g., (39-42)] extend- 
ing out to the required radius. 


The derived limits on the amount of initial radio- 
active nickel generally argue against SLSNe-II 
resulting from energetic pair-instability explo- 
sions. Spin-down of nascent magnetars (rapidly 
spinning neutron stars with strong magnetic fields) 
has been proposed as an alternative energy source 
(47, 48). This process may be relevant at least 
for some SLSNe-II (e.g., SN 2008es). One can 
also consider the collapsar scenario, in which 
energy is extracted from material rapidly accret- 
ing onto a newly formed black hole—a process 
that may be driving cosmological y-ray bursts 
(49). When occurring within a massive star with 
a thick hydrogen envelope, this process may 
deposit the energy in the expanding envelope, 
where it may be thermalized and reemitted as 
optical photons (//, 50). Unfortunately, because 
any energy injected by such processes deep 


seem to be the top of a broad distribution, with 
examples of peak magnitudes smoothly extend- 
ing from these extreme values down to luminos- 
ities typical of the general SN population [e.g., 
SN 2010j1 (54, 55); see (56) for a review of older 
events]. The light curve shapes are quite diverse, 
with some SLSNe-II showing a rapid rise and de- 
cline [e.g., SN 2008es (36)], some showing light 
curves with a slow rise (>50 days) to a broad peak 
[e.g., SN 2006gy (12, 13), SN 2008fz (53)], and 
some with rapid rise and very slow decline [e.g., 
SN 2003ma (45), SN 2008am (57), and probably 
also SN 2006tf (44)]. The spectra (Fig. 2) also 
show diversity, with most objects showing narrow 
hydrogen Balmer lines, and SN 2008es uniquely 
not showing such lines. Narrow Balmer lines arise 
from a slow wind blown by the progenitor star 
before its explosion. This wind is assumed to have 

been photoionized by the explo- 

sion and to then recombine. The 

lack of such narrow lines in the 


The second mechanism in- 
voked in converting large explo- 
sion energies into optical emission 
is strong interaction between the 
expanding ejecta and massive 
CSM previously lost from the 
progenitor star. This mechanism 
converts the kinetic energy car- 
ried by the expanding ejecta into 
radiation via strong shocks, and 
is commonly invoked for type In 
SNe (43). Because CSM enve- 
lopes can be extremely extended, 
this process can in principle re- 
main active for many years, and 
is thus more useful to explain 
very long-lived events [e.g., SN 
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spectra of SN 2008es suggests 


— SN 2005ap : . 
Si III — SN 2010gx that its progenitor star was not 
Cll | — PTFO09end blowing massive winds for an ex- 
| —— SN 2009jh tended period prior to its explo- 
feu —— PTFO9atu sion; any substantial mass loss 
ih erat eal must have been episodic [e.g., (38)] 
— scp 06F6 or otherwise time-variable (47). 


SS 


The environments of SLSNe- 
II are also quite diverse. This is 
the only SLSN subclass that has 
been detected in luminous, Milky 
Way-like galaxies [e.g., SN 2006gy 
(12, 13), CSS100217:102913+-404220 
(58)]. Still, like other SLSNe, most 
SLSN-II events reside in dwarf 
star-forming hosts (3). Published 


2006tf (44), SN 2003ma (45)]. 
On the other hand, conversion 
of kinetic energy into radiation 
should manifest itself as an ob- 
served decline in expansion ve- 
locities; this process is therefore 
disfavored for events showing 
high expansion velocities that do 
not decrease substantially with 
time [e.g., SN 2008es (36)]. Possible mechanisms 
invoked to eject large quantities of mass from the 
star prior to explosion include luminous blue var- 
iable (LBV)-like activity [e.g., (12, 44)] and pul- 
sational pair instability [e.g., (46)]. 

Regardless of the conversion mechanism, the 
total emitted energy in several recently observed 
objects (>10°! ergs) is difficult to reproduce in 
models of regular iron core collapse explosions 
(where >99% of the initial explosion energy, ~3 = 
10°? ergs, is carried away by neutrinos). This led 
several authors to speculate about additional en- 
ergy sources contributing to these powerful ex- 
plosions. Pair-instability explosions can provide 
large kinetic energies and synthesize large amounts 
of radioactive *°Ni; however, SLSNe-II studied 
at late times did not follow the expected C6 
radioactive decay rate, in contrast to SLSNe-R. 


2000 2500 3000 


Rest wavelength (A) 


Fig. 4. Early spectra of all published SLSN-I events: SN2005ap (11); SN 2010gx, 
PTFO9cnd, SN 2009jh, and PTFOYatu (4); PS1-10awh and PS1-10ky (68); and SCP 
06F6 [(59); combined version from (4)]. The optical O 1 blends and near-UV C 1, Si , 
and Mg 1 lines identified by (4) are marked. The spectroscopic similarity among these 
objects is quite striking. 


inside exploding stars is then reprocessed by the 
optically thick outer hydrogen layers, investiga- 
tions of such exotic processes in SLSNe-II are 
difficult and have remained mostly speculative. 

In any case, it is clear that SLSNe-II are ex- 
plosions of massive stars that retained their hy- 
drogen envelopes until they exploded. For some 
objects, spectroscopy indicates that these stars 
have lost substantial amounts of mass prior to ex- 
plosion [e.g., SN 2006gy (12), SN 2006tf (44)], 
which suggests that perhaps the progenitor stars 
are similar to massive LBVs, which are known 
to undergo episodic eruptions involving extreme 
mass loss [e.g., (57, 52)]. 

The observational characteristics of SLSNe-II 
are quite diverse. The peak luminosities of the 
brightest events reach well above —22 mag ab- 
solute [e.g., SN 2008fz (53)]. However, these 
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SLSN-II events in giant host gal- 
axies seem to have been detected 
very close to their host nuclei, 
which suggests that perhaps spe- 
cific conditions that are unique 
to this environment (e.g., cir- 
cumnuclear star-forming rings) 
somehow mimic the conditions in 
star-forming dwarf galaxies. 
SLSN-I. This class of SLSNe 
was initially the most difficult to understand, 
with the first two reported events—SN 2005ap 
(1) and SCP 06F6 (59}—sparsely observed. It 
was only after the discovery of additional mem- 
bers of this class by the PTF survey, bridging the 
redshift gap between the relatively nearby SN 
2005ap (z = 0.2832) and the high-redshift SCP 
06F6 (z = 1.189), that a comprehensive view of 
this class of objects could be formed [(4), in- 
cluding spectroscopic redshifts based on Mg 11 
absorption lines, and the first correct identification 
of the redshift of SCP 06F6; Fig. 4]. A major 
reason for the initial difficulties was that the early 
spectra of these objects are quite featureless and 
the absorption lines that do appear are mostly of 
high-excitation low-mass elements (Fig. 4); the 
elements commonly observed in most SN classes 
(neutral oxygen, magnesium, iron, and the ubiquitous 
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ionized calcium) appear only much later (60) 
(fig. S1). 

Observationally, these events are character- 
ized by extreme peak luminosities (often brighter 
than —22 mag absolute), very blue spectra with 
copious UV flux persisting for many weeks, and 
(relative to other classes of SLSNe) fast-evolving 
light curves with rise times below 50 days and 
post-peak slopes that decline substantially fast- 
er than radioactive cobalt decay rates (4, 60). 
Contrary to early reports [e.g., (17, 36, 38)], these 
events do not show hydrogen in their spectra 
(4, 60) (fig. S5) and thus do not belong to the 
spectroscopic class of type II SNe. Technically, 
these events should be classified as type Ic SNe 
because they also do not show strong He features 
in spectra taken around peak. However, because 
the class of type Ic SNe is not positively defined 
and a physical connection has not been firmly 
established between the events considered here 
and more common SN Ic events (see below), this 
class is denoted SLSN-L. 

The similarity between the late-time spectra 
of SN 2010gx (SLSN-I) and the spectra of broad- 
line type Ic SNe (4, 52) (fig. S5) prompts dis- 
cussion of a possible connection between these 
two classes. However, there are several physical 
differences between SLSNe-I and SNe Ic. 

Detailed modeling of SNe Ic [e.g., (6/—63)] 
indicates that their luminosity is dominated by 
radioactive *°Ni decay. Indeed, these objects show 
a correlation between the peak luminosity and the 
synthesized °°Ni mass [e.g., (64, 65)]. The same is 
true for SLSNe-R (7) but not for SLSNe-I (4), in 
the sense that the nickel mass required to power 
the observed luminous peaks is in conflict with 
the later evolution of the light curve [e.g., (4, 60)]. 
The luminosity of SLSNe-I must therefore come 
from a different source. 

Two very luminous broad-line SNe Ic [SN 
2007D (65), SN 2010ay (66)] have been observed 
with peak luminosities approaching those of 
SLSNe-R (—20.6 mag and —20.23 mag absolute 
for SN 2007D and SN2010ay, respectively), but 
with less °°Ni (~1 Mo). Other processes may be 
contributing to the large observed peak luminos- 
ity of these events [e.g., an internal engine (66)]. 
Perhaps they are intermediate events between the 
class powered purely by radioactivity (normal 
SNe Ic and SLSNe-R) and SLSNe-I for which the 
contribution from °*°Ni is negligible, and which 
must be powered by some other process, as dis- 
cussed below. 

Another important physical distinction be- 
tween SLSNe-I and SNe Ic is the size of the emit- 
ting region. It has been shown that the energy 
radiated by SLSNe-I must have been deposited 
at large initial radii, ~10'° cm (4). However, early 
observations of SNe Ic indicate that the progen- 
itor stars had an initial radius orders of magnitude 
smaller [<10'' cm (61, 67)], implying that both 
the explosion shock energy and radioactivity 
must be contained within a small initial radius. 

It thus seems that the observed spectroscopic 
similarity between SLSNe-I (at late times) and 
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broad-line SNe Ic suggests similar ejecta com- 
position and a large kinetic energy (evident as a 
substantial amount of mass at high velocities), 
but other physical properties (energy source, 
physical size) are different and suggest a different 
physical mechanism powering these two classes 
of objects. 

It has been shown (4) that the observed lu- 
minosity of these objects requires the deposition 
of a large amount of internal energy, taking 
place at large radii (10'° cm, about 10 times the 
size of the largest red supergiants), into material 
expanding at high velocities (10° km s '). The 
data can rule out the traditional energy conver- 
sion mechanisms discussed above (radioactiv- 
ity, photon diffusion, interaction with massive 
hydrogen-rich CSM). Viable options include in- 
teraction with expanding shells of hydrogen-free 
material (40), perhaps ejected by the pulsational 
pair instability [e.g., (46)], or reemission of energy 
injected by an internal engine, such as magnetar 
spin-down (47, 48) or a “collapsar’-like accreting 
black hole [e.g., (17, 60, 68, 69)]. Even though 
these events are not enshrouded by massive, opaque 
hydrogen shells, the physical nature of the energy 
source remains speculative; the energy conversion 
mechanism is also not clearly understood. 

The host galaxies of these events are again 
typically dwarf galaxies, although at higher red- 
shifts, luminosity upper limits on undetected hosts 
are less constraining (3, 4). The most natural 
explanation for these objects not occurring in 
more luminous galaxies is that a lower metallicity 
is required to form the progenitor stars of these 
events, but other explanations are also possible 
(e.g., different star formation modes or a top- 
heavy initial mass function in dwarf galaxies). 
The extreme intrinsic luminosity and plentiful UV 
flux of these sources make them ideal probes of 
dwarf galaxies at high redshifts. 


Rates of SLSNe 


The only measurement of the rate of SLSNe is a 
rough estimate based on TSS statistics (4), which, 
normalizing the rate of SLSNe-I at z ~ 0.3 relative 
to that of SNe Ia, yields ~10 * Mpc ° year '. This 
rate is substantially lower than the rates of core- 
collapse SNe (~10 * Mpc ° year ') and is also well 
below those of rare subclasses such as broad-line 
SNe Ic (hypemovae; ~10 ° Mpc ° year ') or long 
gamma-ray bursts [>10 ’ Mpc ° year | (70, 7J)]. 
The reported discovery statistics suggest that the 
rate of SLSNe-II is comparable or larger than that 
of SLSNe-I, whereas SLSNe-R are rarer by a 
factor of ~5, correcting for their slightly lower 
peak luminosities. SLSNe-R are the rarest type of 
explosions studied so far, and quite possibly they 
arise from stars that are at the very top of the 
initial mass function. 


Summary 

During the past dozen years, numerous super- 
luminous SN events have been discovered and 
studied. The accumulated data suggest that these 
can be grouped into three distinct subclasses 
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according to their observational and physical 
attributes. Radioactively powered SLSNe-R 
seem to be the best understood (and rarest) class; 
hydrogen-rich SLSNe-II and the most luminous 
hydrogen-poor SLSNe-I are more common, but 
the physical origins of the extreme luminosity 
they emit is not clear at this time. With several 
ongoing surveys efficiently detecting additional 
examples, the amount of information about these 
objects is likely to increase substantially in the 
next few years. 
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Gamma-Ray Bursts 


Neil Gehrels?* and Péter Mészaros” 


Gamma-ray bursts (GRBs) are bright flashes of gamma rays coming from the cosmos. They 

occur roughly once per day, typically last for tens of seconds, and are the most luminous events 
in the universe. More than three decades after their discovery, and after pioneering advances from 
space and ground experiments, they still remain mysterious. The launch of the Swift and Fermi 
satellites in 2004 and 2008 brought in a trove of qualitatively new data. In this Review, we survey 
the interplay between these recent observations and the theoretical models of the prompt GRB 


emission and the subsequent afterglow. 


amma-ray bursts (GRBs) are the most 

extreme explosive events in the universe. 

The initial (prompt) phase lasts typically 
less than 100 s and has an energy content of 
~10°! ergs, giving a luminosity that is a million 
times larger than the peak electromagnetic lumi- 
nosity of the bright emission from an exploding- 
star supernova. The GRB name is a good one 
because their spectra peak in the gamma-ray 
band between ~100 keV and ~1 MeV. The source 
of the energy powering the bursts is thought to be 
the gravitational collapse of matter to form a 
black hole or other compact object. 

GRBs were discovered in the late 1960s by 
the Vela satellites monitoring the Nuclear Test 
Ban Treaty between the United States and the 
Soviet Union (/). It was slow progress for 20 
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years learning the origin of these brilliant flashes. 
Gamma-ray instruments of the time had poor po- 
sitioning capability, so only wide-field, insensitive 
telescopes could follow up the bursts to look for 
counterparts at other wavelengths. Nothing as- 
sociated with the GRBs was seen in searches that 
took place from hours to days after their occur- 
rence. In the 1990s, the Burst and Transient Source 
Experiment (BATSE) onboard the Compton Gam- 
ma Ray Observatory (CGRO) obtained the posi- 
tions of ~3000 GRBs and showed that they were 
uniformly distributed on the sky (2), indicating 
either an extragalactic or galactic-halo origin. 
BATSE also found that GRBs separate into two 
duration classes, short GRBs (SGRBs) and long 
GRBs (LGRBs), with a dividing line at ~2 s (3). 
The detection of x-ray afterglows and the more 
accurate localizations delivered by the BeppoSAX 
mission (4, 5) enabled optical redshifts of GRBs 
to be measured and their extragalactic origin to 
be confirmed. The long bursts were found to be 
associated with faraway galaxies at typical red- 
shifts z = 1 to 2, implying energy releases in 
excess of 10°° ergs. The afterglow time decay 


often steepened after a day, indicating a geomet- 
rical beaming of the radiation into a jet of open- 
ing angle ~S° (6). 

Key open issues before the Swift and Fermi 
era included (i) the origin of SGRBs, (ii) the 
nature of the high-energy radiation from GRBs, 
(ii) the redshift distribution of bursts and their 
usage for early universe studies, and (iv) the 
physics of the jetted outflows. 

Swift and Fermi, launched in 2004 and 2008, 
respectively, have opened a new era in GRB re- 
search. Swift is a NASA mission, Fermi is a 
NASA-~Department of Energy partnership, and 
both have major international contributions. The 
two missions have different and complementary 
capabilities. Swift has a wide-field imaging cam- 
era in the hard x-ray band that detects the bursts at 
a rate of ~100 per year, providing positions with 
arc-minute accuracy. The spacecraft then auton- 
omously and rapidly (100 s) reorients itself for 
sensitive x-ray and ultraviolet (UV)/optical obser- 
vations of the afterglow. Fermi has two wide-field 
instruments. One detects bursts in the gamma-ray 
band at a rate of ~300 per year, providing spec- 
troscopy and positions with 10° accuracy. The 
other observes bursts in the largely unexplored 
high-energy gamma-ray band at a rate of ~10 per 
year. Combined, the two missions are advancing 
our understanding of all aspects of GRBs, in- 
cluding the origin of short bursts, the nature of 
bursts coming from the explosion of early stars 
in the universe, and the physics of the fireball 
outflows that produce the gamma-ray emission. 


Swift GRB Observations 


Mission and statistics. The Swift mission (7) has 
three instruments: the Burst Alert Telescope (BAT) 
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(8), the X-Ray Telescope (XRT) 
(9), and the UV Optical Telescope 
(UVOT) (/0). The BAT detects 
bursts and locates them to ~2—are 
min accuracy. The position is then 
sent to the spacecraft to repoint the 
XRT and UVOT at the event. Po- 
sitions are also rapidly sent to the 
ground so that ground telescopes 
can follow the afterglows. There 
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GRBs in higher-metallicity star- 
forming regions of galaxies. How- 
ever, when star-forming regions are 
compared, GRBs actually tend to 
favor ones with lower metallicity (2/). 

Another way in which GRBs 
are contributing to our understand- 
ing of the high-redshift universe is 
in the determination of its star for- 
mation history (Fig. 3). LGRBs are 
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are more than 50 such telescopes 
of all sizes that participate in these 
worldwide follow-up campaigns. 
Measurements of the redshift and 
studies of host galaxies are typical- 
ly done with large ground-based 
telescopes, which receive immedi- 
ate alerts from the spacecraft when 
GRBs are detected. Swift has, by 
far, detected the largest number of 
well-localized bursts with afterglow 
observations and redshift determi- 
nations. As of 1 April 2012, BAT 
has detected 669 GRBs (at an an- 
nual average rate of ~90 per year). 
Approximately 80% of the BAT-detected GRBs 
were observed by rapid repointings (the remain- 
ing 20% had spacecraft constraints that prevented 
rapid slewing). Of those, virtually all long bursts 
observed promptly had detected x-ray afterglow. 
Short bursts are more likely to have negligible 
x-ray afterglow, fading rapidly below the XRT 
sensitivity limit. The fraction of GRBs observed 
by rapid repointing that had UVOT detection is 
~35%. Combined with ground-based optical ob- 
servations, about ~60% of Swift GRBs had optical 
afterglow detection. There are 200 Swift GRBs 
with redshifts, as compared with 41 before Swift. 

A key finding of Swift is that the afterglow 
light curve has structure. Fast decay is often seen 
in the first 1000 s after the burst, followed by a 
shallow decay and then re-steeping (//, /2). Steep- 
ing due to beaming is sometimes seen, but not in 
every case (/3, /4) 

LGRBs. LGRBs are associated with the bright- 
est regions of galaxies, where the most-massive 
stars occur (/5). LGRBs occur over a large red- 
shift range from z = 0.0085 (GRB 980425) to z > 
8 (GRB 090423 and GRB 090429B) (Fig. 1). 
The redshift distribution for Swift is shown in 
Fig. 1. With few exceptions, LGRBs that occur 
near enough for supernova detection have ac- 
companying type Ib or Ic supernovae. The excep- 
tions are cases of bursts that may be misclassified 
as long or that may have exceptionally weak 
supernovae. These facts support the growing evi- 
dence that long bursts are caused by “collapsars,” 
in which the central core of a massive star col- 
lapses to a compact object such as a black hole 
(16) or possibly a magnetar (17, /8). 

LGRBs are extremely bright in both gamma- 
ray prompt emission and multiwavelength after- 
glow. The typical optical/infrared brightness 
for several high-redshift (z > 5) GRBs found by 
Swift is ~1 8th magnitude at a few hours after the 


tp (Gyr) 


Fig. 1. Redshift distribution z and cosmic look-back time (t,,) of Swift LGRBs. V 
is the number of bursts. The Swift GRBs are shown in blue, the pre-Swift GRBs in 
yellow, and the co-moving volume of the universe with the red curve. The GRBs 
roughly follow the co-moving volume. [From (52)] 


event, as compared to ~28th magnitude for a Milky 
Way-type galaxy at redshift z = 5. This bright 
emission makes GRBs important tools for study- 
ing the high-redshift universe: GRB 090423 at z= 
8.2 is the source with the largest spectroscopi- 
cally determined redshift (79, 20). Multiwavelength 
observations of this and other high-redshift bursts 
are providing information about the universe at a 
time when it was only about a few percent of its 
current age, and they shed light on the process of 
reionization in the early universe. 

The chemical evolution of the universe can be 
studied with GRBs, as illustrated in Fig. 2. GRBs 
provide data at higher redshift values than do 
active galaxies. The metallicity bias of GRBs is 
currently contradictory. Plots such as Fig. 2 show 


Hubble time (Gyr) 


the end points of the lives of mas- 
sive stars, and their rate is therefore 
approximately proportional to the 
star formation rate. They give infor- 
mation at high redshift, where the 
rate is highly uncertain. There may be 
evolutionary biases, such as a depen- 
dence of LGRBs on the metallicity of 
host galaxies, so studies relating 
them to the star formation rate must 
include these factors (22, 23). 
Theories for the origin of LGRBs 
predate Swift but are supported by 
the new data. In them, a solar rest 
mass’s worth of gravitational energy 
is released in a very short time (seconds or less) in 
a small region on the order of tens of kilometers 
by a cataclysmic stellar event. The energy source 
is the collapse of the core of a massive star. Only a 
small fraction of this energy is converted into 
electromagnetic radiation, through the dissipation 
of the kinetic energy of a collimated relativistic 
outflow, a fireball with bulk Lorentz factors of 
T ~ 300, expanding out from the central engine pow- 
ered by the gravitational accretion of surrounding 
matter into the collapsed core or black hole. 
SGRBs. At the time of Swift’s launch, the 
greatest mystery of GRB astronomy was the 
nature of short-duration, hard-spectrum bursts 
(SGRBs). Although more than 50 LGRBs had 
afterglow detections, no afterglow had been found 


Fig. 2. Redshift evolution of 
the metallicity (represented here 


by the ratio of oxygen to hydro- 
gen abundance) relative to 
solar values (z,), for GRBs (blue 
dots) and active galaxy quasars 
(open circles). The abundances 
are determined from spectral 
absorption lines in the continuum 
radiation. GRB lines are pre- 
dominantly from the gas in the 
host galaxy in the star-forming 
region near the explosion, whereas 
quasar lines are of random lines 
of sight through the galaxy. The 
GRB metallicity is on average 
~five times larger than in QSOs. 
These are based on damped Lyman 
alpha spectral features. The up- 
per horizontal x axis indicates 
the age of the universe (in Hub- 
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ble time). [From (64)] 
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t (Gyr) 


p. (M, yr! Mpe*) 


GRB: (evolution corrected) 
LBG: Bouwens et al. (2008) 
BO8 (LF integrated) 

LAE: Ota et al. (2008) 


p, (C/E. 


esc 


= 40, 30, 20) 


Fig. 3. From (22). Cosmic star formation history. Shown are the data compiled in (65) (light gray circles) and 
contributions from Lyman alpha emitters (LAE) (66). £,, star formation rate density; Mo, solar mass. Recent 
Lyman Break Galaxy (LBG) data are shown for two UV luminosity function (LF) integrations: down to 0.2 Lx [L«, 
luminosity of a typical galaxy; downward-pointing black triangles; as given in (67)] and complete z = 3 (upward- 
pointing blue triangles; BO8, Bouwens et al., 2008). Swift GRB-inferred rates are shown as red diamonds, with 
the shaded band showing the range of values resulting from varying the evolutionary parameters. Also shown is 
the critical star formation rate density from (68) for three values of clumping factor divided by the escape 
fraction of ionizing photons [p.(C/fesc) = 40, 30, 20] (dashed lines, top to bottom). [See also (23)] 


for any short burst. In summer 2005, Swift and 
the High Energy Transient Explorer (HETE-2) 
precisely located three short bursts for which 
afterglow observations were obtained, leading to 
a breakthrough in our understanding of short bursts 
(24-30). As of 2012, BAT has detected 65 SGRBs, 
80% of which had XRT detections, and 15 of which 
had redshifts. 

In contrast to long bursts, the evidence is that 
SGRBs typically originate in host galaxies with a 
wide range of star formation properties, including 
a low formation rate. Their host properties are 
substantially different than those of long bursts 
(31, 32), indicating a different origin. Also, nearby 
SGRBs show no evidence for simultaneous su- 
pemovae [(33) and references therein], making 
them very different from long bursts. Taken together, 
these results support the interpretation that SGRBs 
arise from old populations of stars and are due to 
mergers of compact binaries (i.e., a double neu- 
tron star or neutron star—black hole pair) (33-35) 

Measurements or constraining limits on beam- 
ing from light-curve break searches have been hard 
to come by with the typically weak afterglow of 
SGRBs. With large uncertainties associated with 
small number statistics, the distribution of beam- 
ing angles for SGRBs appears to range from ~S° 
to >25° (36, 37), roughly consistent with but 
perhaps somewhat larger than that of LGRBs. 
Swift observations also revealed long (~100-s) 


“tails” with softer spectra than the first episode 
after the prompt emission for about 25% of short 
bursts (38, 39). Swift localization of an SGRB 
helps narrow the search window for gravitational 
waves from that GRB (40). The detection of grav- 
itational waves from a Swift GRB would lead to 
great scientific payoff for merger physics, pro- 
genitor types, and neutron star equations of state. 


Fermi GRB Observations 


Mission and statistics. The Fermi instruments are 
the Gamma-ray Burst Monitor (GBM) (4/) and 
the Large Area Telescope (LAT) (42). The GBM 
has scintillation detectors and covers the energy 
range from 8 keV to 40 MeV. It measures the 
spectra of GRBs and determines their position to 
~10° accuracy. The LAT is a pair conversion tel- 
escope covering the energy range from 20 MeV 
to >300 GeV. It measures the spectra of sources 
and positions them to an accuracy of <1°. The 
GBM detects GRBs at a rate of ~300 per year, of 
which on average 20% are short bursts. The 
LAT detects bursts at a rate of ~10 per year. 
LAT bursts have shown two common and in- 
teresting features: (i) delayed emission as compared 
to lower-energy bands and (ii) longer-lasting prompt 
emission as compared to lower-energy bands. 
The four brightest LAT bursts were GRB 080916C 
(43), GRB 090510 (44, 45), GRB 090902B (46), 
and GRB 090926A (47). They have yielded hun- 


dreds of >100-MeV photons each, and together 
with the lower-energy GBM observations, have 
given unprecedented broadband spectra. In GRB 
080916C, the GeV emission appeared only in a 
second pulse, delayed by ~4 s relative to the first 
pulse (Fig. 4). Such a delay is present also in short 
bursts, such as GRB 090510, where it was a 
fraction of a second. This soft-to-hard spectral 
evolution is clearly seen in all four of these bright 
LAT bursts, and to various degrees a similar be- 
havior is seen in other weaker LAT bursts. 

In some bursts, such as GRB 080916C and 
several others, the broadband gamma-ray spectra 
consist of a simple Band-type broken power-law 
function in all time bins. In GRB 080916C, the 
first pulse has a soft high-energy index, disap- 
pearing at giga—electron volt (GeV) energies, 
whereas the second and subsequent pulses have 
harder high-energy indices, reaching into the 
multi-GeV range. In some other bursts, such as 
GRB0905 10 (44, 45) and GRB 090902B (46), a 
second hard spectral component extending above 
10 GeV without any obvious break appears in 
addition to the common Band spectral compo- 
nent dominant in the lower 8-keV to 10-MeV band. 

An exciting discovery, unanticipated by re- 
sults from the Energetic Gamma-Ray Experiment 
Telescope (EGRET) instrument on CGRO, was the 
detection of high-energy emission from two short 
bursts [GRB 081024B (48) and GRB 090510 
(45)]. Their general behavior (including a GeV 
delay) was qualitatively similar to that of long 
bursts. The ratio of detection rates of short and long 
GRBs by LAT is ~7% (2 out of 27), which is 
significantly smaller than the ~20% by GBM. 

Although the statistics on SGRBs are too 
small to draw firm conclusions, so far, the ratio of 
the LAT fluence to the GBM fluence is >100% 
for the short bursts as compared to ~ 5 to 60% for 
the long bursts. It is also noteworthy that, for both 
long and short GRBs, the >100-MeV emission 
lasts longer than the GBM emission in the <1-MeV 
range. The flux of the long-lived LAT emission 
decays as a power law with time, which is more 
reminiscent of the smooth temporal decay of the 
afterglow x-ray and optical fluxes than of the 
variable temporal structure in the prompt kilo— 
electron volt to mega—electron volt (MeV) flux. 
This similarity in the smooth temporal evolution 
of the fluxes in different wave bands has been 
detected most clearly in GRB 090510 (49, 50), 
although this burst also requires a separate prompt 
component to the LAT emission (5/). This short 
burst was at z = 0.9 and was jointly observed by 
the LAT, GBM, BAT, XRT, and UVOT. 

The LAT detects only ~10% of the bursts 
detected by the GBM that were in the common 
GBM-LAT field of view. This may be related to 
the fact that the LAT-detected GRBs, both long 
and short, are generally among the highest-fluence 
bursts, as well as being among the intrinsically most 
energetic GRBs. For instance, GRB 080916C was 
at z = 4.35 and had an isotropic-equivalent en- 
ergy of Ej,. ~ 8.8 x 10°* ergs in gamma rays, 
the largest ever measured from any burst (43). 
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Fig. 4. Light curves of GRB 080916C with the GBM (top three panels) and LAT (bottom two panels). Nal3 and Nal4, third and fourth sodium iodide detectors; 
BGOO, zeroth bismuth germinate detector. The high-energy LAT emission is delayed relative to the lower-energy GBM emission. [From (43)] 


The long LAT bursts GRB 090902B (46) atz = 
1.82 had E;,, = 3.6 x 10°* ergs, whereas GRB 
090926A (47) atz = 2.10 had Ej, ~ 2.24 x 
10° ergs. Even the short-burst GRB 090510 at 
z = 0.903 produced, within the first 2 s, an Ei; ~ 
1.1 x 10° ergs (45). 


Theoretical Models and Interpretation 


The current interpretation of the spectacular phe- 
nomenon of GRBs, whether long or short, is that 


it is likely to be related to the formation of a black 
hole, the large energy output being supplied by 
the gravitational energy being liberated in the 
process. This energy is liberated in a very short 
time, extending from seconds down to milliseconds, 
initiated either by the collapse of the rotating core of 
a massive star (52) in the case of LGRBs, or, as it 
seems for SGRBs, by the merger of two compact 
stellar remnants, such as two neutron stars or a per- 
haps a neutron star and a binary black hole (33-35), 


resulting in the disruption of the neutron star. Al- 
though the massive star collapse scenario for long 
bursts is fairly well established, the compact merger 
scenario for short bursts is likely, but in need of 
further study. In both scenarios, the eventual re- 
sult would be a black hole, although some con- 
sideration has gone into magnetar (neutron star 
with ultrahigh magnetic field) final states. 

It is thought that this newly formed central 
engine or black hole then leads to the emission of 
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an extremely intense gamma-ray pulse as a result 
of being fed, for a short period of time, by the 
infall of the rotating gas debris left over from the 
collapsing core or the merger. Some of this infall 
is accreted, but a significant fraction will end up 
being ejected in a jet along the rotation axis. The 
rotating debris is likely to lead to extremely strong 
magnetic fields, which couple the debris to the 
rotating black hole and, like superstrong rubber 
bands, extract the rotational energy of the black 
hole and pump it into the jet, which becomes 
highly relativistic and collimated into a 5° to 10° 
angular extent. 

The energy of this jet is expected to be 
initially mainly in the form of the kinetic energy 
of its motion. As it moves out from the neigh- 
borhood of the black hole, the initially large par- 
ticle density in it decreases until at the photospheric 
radius, the photon mean free path becomes larger 
than the jet dimension, and the photons trapped 
in the jet can escape freely. However, if the jet 
energy is still mainly bulk kinetic energy at the 
photosphere, this escaping radiation would not 
amount to much, unless a substantial fraction of 
the (directed) kinetic energy has been dissipated 
into the random energy of charged particles 
and radiated. A simple way this can occur is if 
the kinetic energy is dissipated beyond the 
photosphere in shocks, either internal shocks 
within the jet itself (53) or external shocks (54), 
as the jet is decelerated by the external matter it 
encounters. Charged electrons bouncing across 
these shocks are accelerated via the Fermi 
mechanism to a relativistic power-law energy 
distribution and can produce a nonthermal photon 
spectrum via synchrotron or inverse Compton 
radiation, which approximates the observed Band- 
type broken power-law spectra. The simple internal 
shock interpretation of the prompt MeV emis- 
sion, however, has typically low radiative efficien- 
cy, and the observed spectra sometimes disagree 
with a straightforward synchrotron interpreta- 
tion, which has motivated searches for alterna- 
tive interpretations. 

The external shock will be accompanied by a 
reverse shock, which is expected to produce a 
prompt optical emission (55, 56) at the time when 
the deceleration begins. This has been detected, 
with robotic ground-based telescopes such as 
the Robotic Optical Transient Search Experiment 
and others (52). As the jet continues to be de- 
celerated in the course of sweeping up more and 
more external matter, the bulk Lorentz factor of 
the external shock decreases, and the resulting 
nonthermal radiation becomes a long-lasting fad- 
ing x-ray, optical, and radio afterglow (56), whose 
predicted detection allowed the first measure- 
ments of host galaxies and redshift distances 
(52). The external shock interpretation of the late 
afterglow has proven robust overall. However, 
debate continues about some of the more detailed 
features seen in the first few hours by Swift, such 
as the x-ray steep decays followed by flat plateaus 
and occasional large flares, various proposed in- 
terpretations remaining to be tested. 


Recent Models Based on Fermi and Swift 
The challenge of interpreting the Fermi-LAT GeV 
observations is most simply addressed through 
more- or less-conventional forward shock lep- 
tonic (i.e., relying on accelerated electrons or 
e+/e— pairs) synchrotron models (57, 58). Such 
models provide a natural delay between an as- 
sumed prompt MeV emission (such as from in- 
ternal shocks or other inner mechanisms) and the 
GeV emission from the external shock, which 
starts after a few seconds time delay. However, 
taking into account the constraints provided by 
the Swift hard x-ray and x-ray observations, it is 
clear that at least during the prompt emission, 
there must be an interplay between the shorter- 
lasting mechanism providing the hard x-ray and 
MeV radiation and the mechanism, or emission 
region, responsible for the bulk of the longer- 
lasting GeV radiation (59, 60), the interplay be- 
tween the two involving a number of subtleties. 
Unaddressed in these studies is a specific model 
of the prompt emission, and the abovementioned 
radiative inefficiency and spectral problems in a 
simple internal shock assumption. A resolution 
of this problem is possible if the prompt MeV 
Band spectrum is due to an efficient dissipative 
photosphere (baryonic, in this case) with an in- 
ternal shock upscattering the MeV photons at a 
lower efficiency, giving the delayed GeV spectrum 
(61). Alternatively, for a magnetically dominated 
outflow, in which internal shocks may not occur, 
an efficient dissipative photospheric Band spectrum 
can be upscattered by the external shock and 
produce the observed delayed GeV spectrum (50). 
A delayed GeV spectrum may also be expected in 
hadronic models, which assume the coaccelera- 
tion, along with the electrons, of protons, which 
undergo electromagnetic cascades and synchro- 
tron losses along with their secondaries (62, 63). 

Both Swift and Fermi are healthy and ad- 
equately funded by NASA and foreign partners. 
Neither has lifetime limits from expendable pro- 
pulsion gasses or cryogens, and both have orbital 
lifetimes beyond 2025. Key issues remain to be 
answered by the missions such as (i) confirma- 
tion of the short burst origin, (ii) the jet opening 
angle and measurements of lightcurve breaks, 
(iii) metallicity dependence, (iv) relation to star 
formation history, and (v) the nature and in- 
terpretation of high-energy spectral components. 
We look forward to many more years of GRB 
discovery. 
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A Periciliary Brush Promotes 
the Lung Health by Separating the 
Mucus Layer from Airway Epithelia 


Brian Button,?* Li-Heng Cai,?* Camille Ehre,? Mehmet Kesimer,?’> David B. Hill,* 
John K. Sheehan,? Richard C. Boucher,’ Michael Rubinstein?“t+ 


Mucus clearance is the primary defense mechanism that protects airways from inhaled infectious 
and toxic agents. In the current gel-on-liquid mucus clearance model, a mucus gel is propelled on 
top of a “watery” periciliary layer surrounding the cilia. However, this model fails to explain 
the formation of a distinct mucus layer in health or why mucus clearance fails in disease. We 
propose a gel-on-brush model in which the periciliary layer is occupied by membrane-spanning 
mucins and mucopolysaccharides densely tethered to the airway surface. This brush prevents 
mucus penetration into the periciliary space and causes mucus to form a distinct layer. The 
relative osmotic moduli of the mucus and periciliary brush layers explain both the stability of 
mucus clearance in health and its failure in airway disease. 


ucus clearance in the mammalian lung 
Me= evolved to trap and clear a wide 
variety of inhaled toxicants and infec- 
tious agents from airway surfaces (J—3). The sys- 
tem consists of two components (4, 5): (i) a mucus 
layer that traps inhaled particles and transports 
them out of the lung by cilia-generated forces and 
(il) a periciliary layer (PCL) that provides a fa- 
vorable environment for ciliary beating and cell- 
surface lubrication (Fig. 1A). The importance of 
mucus clearance is illustrated by its failure in hu- 
man lung diseases, including chronic obstructive 
pulmonary disease (COPD) (6) and cystic fibrosis 
(CF) (7). Both diseases are characterized by “de- 
hydrated” airway mucus, with mucin and globular 
protein concentrations several times higher than 
in normal mucus (8, 9). Despite studies linking in- 
creased mucus concentration to the pathogenesis 
of airway disease—for example, via reduced rates 
of mucus clearance (/0), inflammation (//), and 
infection (/2)—quantitative models are needed to 
predict when mucus clearance fails and to de- 
velop therapies to treat this aspect of lung disease 
(13, 14). A predictive airway surface clearance 
model requires an accurate description of the PCL 
structure and an understanding of the functional 
interactions between the PCL and the overlaying 
mucus layer. 
On the basis of light microscopy of the air- 
way surface (e.g., Fig. 1A) and the presumed 
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requirement for a low-viscosity liquid layer to 
facilitate ciliary beating, the mucus clearance sys- 
tem has been represented by a two-layer gel-on- 
liquid model (/5—/9) (Fig. 1B). In this model, a 
“gel-like” mucus layer is propelled by cilia beat- 
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ing in a “watery” periciliary, that is, “sol” layer 
(20). However, the current gel-on-liquid model 
does not explain why there are two layers. For in- 
stance, it does not explain why the major macro- 
molecules (2/—25) of the mucus layer—MUCSAC 
and MUCSB, with hydrodynamic radii of ~150 
to 200 nm (26, 27)—do not penetrate into the 
~200-nm interciliary space to form a single lay- 
er. In fact, this 200-nm interciliary space is im- 
penetrable even to objects substantially smaller 
than mucins, including fluorescent beads with 
diameter of 40 nm (Fig. 1, C and D). It has been 
proposed that impenetrability of the interciliary 
space is due to the thixotropic actions of beat- 
ing cilia (15, 28). However, our observation that 
40-nm particles are also excluded from the PCL 
when cilia beating was arrested argues against 
this explanation (Fig. 1E). Collectively, these 
data demonstrate that the gel-on-liquid model 
of a two-layered airway surface is qualitative- 
ly incorrect. 

Gel-on-brush model of the airway surface. 
We propose an alternative gel-on-brush model 
of the mucus clearance system. In this model, 
the PCL is occupied by membrane-spanning 
mucins and large mucopolysaccharides that are 
tethered to cilia, microvilli, and epithelial surface 
(Fig. 2A) (29). We postulate that these tethered 
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Fig. 1. The PCL is not a simple liquid layer. (A) Light microscopy view of the airway surface layer, 
comprising the mucus layer and the PCL, from fixed human bronchial epithelial cultures stained with 
Richardson's (42). Scale bar indicates 7 um. (B) Schematic representation of the traditional gel-on-liquid 
model showing a mucus layer (comprised of gel-forming mucins, MUC5AC and MUCS5B) and the PCL as a 
liquid-filled domain. (C) Schematic illustration showing penetration of small [d = 6 nm (43)] fluorescently 
labeled albumin (green) into the PCL, whereas 40-nm polystyrene particles (red) are completely excluded 
from the PCL. The experiments were performed after thorough washings that remove mucus, leaving 
solely the clean PCL, to avoid possible trapping of these particles by the mucus (44, 45). (D and E) 
Representative XZ confocal images of well-differentiated HBE cultures with (D) normally beating cilia and 
(E) paralyzed, that is, immobile, cilia [pretreated for 10 min with 1% isoflurane to produce reversible 
ciliastasis (46)]. The exclusion zone (green region) was accessible to the green albumin but not the larger 
particles, whereas the yellow region was accessible to both. The wavy streaks in (D) are an artifact of 
beating cilia during image acquisition. Scale bars, 7 um. 
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macromolecules form an extracellular brush with 
a sufficiently high concentration to establish a 
mesh that prevents both MUCSAC and MUCSB 
mucins in the mucus layer and inhaled particles 
deposited on the airway surface from penetrat- 
ing the PCL. We also predict that the relatively 
high concentration of membrane-tethered mac- 
romolecules in this extracellular brush produces 
intermolecular repulsion within this layer, which 
stabilizes the PCL against compression by an 
osmotically active mucus layer. Stabilization of 
the PCL is required for formation of the distinct 
mucus layer and for effective mucus clearance. 
In contrast, dehydration-induced destabilization 
of this two-layer system produces failure of clear- 
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ance. Thus, the gel-on-brush model both de- 
scribes the cell biological basis of the two layers 
and the biophysical interactions between these 
layers that control mucus clearance. The fol- 
lowing experiments test the key aspects of this 
new model. 

Evidence for a macromolecular mesh in the 
PCL. By using rapid freezing techniques coupled 
with electron microscopy (EM), we observed an 
electron-dense meshwork with apparent mesh size 
on the order of ~20 to 40 nm in the PCL region of 
primary human bronchial epithelial (HBE) cell 
cultures (Fig. 2, B and C). Unlike the overlying 
mucus layer, this PCL mesh could not be ex- 
tracted by vigorous washings expected to remove 


Fig. 2. Gel-on-brush model of the PCL. (A) Schematic representation of the gel-on-brush hypothesis of 
the PCL: Tethered macromolecules, such as membrane-bound mucins, form a brushlike structure of the 
PCL. (B and C) Morphological evidence for the gel-on-brush model is revealed by rapid freeze imaging 
of HBE cultures exhibiting extensive meshlike structure with mesh [depicted by the arrow in (C)] on the 
order of ~20 to 40 nm in the PCL. Immunological evidence showing the presence of tethered mucins on 
freshly excised human airway tissue: (D) MUC1 (red) is located at the bottom of the PCL; (E) MUC4 
(green) spans the whole PCL. Scale bars in (B), (D), and (E), 7 um; in (©), 100 nm. Double-headed arrow 
in (©) indicates 30 nm. White box in (B) denotes area of magnification depicted in (C). 


Fig. 3. Size-exclusion gradient in the PCL. (A) Sche- 
matic illustration of the two-dye technique used to 
probe the mesh size distribution within the PCL. (Inset) 
Probe molecules are expected to penetrate part of the 
PCL down to a distance z from the cell surface at which 
the PCL mesh size € is on the order of molecular di- 
ameter d. (B) Representative XZ-confocal images of 
small (d = 2 nm) dextran fluorescently labeled with 
Texas red exploring the whole PCL; green dextran 
with hydrodynamic diameter d = 40 nm, labeled by 
FITC; merged image showing the exclusion thickness 
Z defined as the height of the red region bounded by 
the cell layer (black because of lack of staining) and 
the yellow (green and red) layer; exclusion of dextran 
molecules with decreasing sizes. Scale bars, 7 um. (C) 
Exclusion for dilute solution of polystyrene beads with 
diameter d = 40 nm added to unwashed cultures, 
washed three times with phosphate-buffered saline 
(PBS) then 15 min with 10 mM dithiothreitol (DTT) to 
completely remove all mucus and adsorbed macro- 
molecules from the cell surface (34). Data are shown 
as mean + SD with the number of samples (patients) 
n = 3. Measurement of each sample contains five 
HBE cultures, with >50 confocal images per culture. 
(D) Summary plot showing the dependence of exclu- 
sion thickness z on the size of dextran molecules 
(green circles). The exclusion of fluorescently labeled 
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adherent secreted mucins. We therefore hypothe- 
sized that the PCL mesh consists of large macro- 
molecules, such as membrane-spanning mucins 
[MUC1, MUC4, MUCI16, and MUC20 (29, 30)] 
and tethered mucopolysaccharides [e.g., heparan 
sulfate (37)]. Immunohistochemistry studies of 
freshly excised human airways identified several 
of these membrane-tethered macromolecules, 
including mucins MUCI1 (Fig. 2D) and MUC4 
(Fig. 2E) and heparan sulfate (not shown), at- 
tached to cilia, microvilli, and the cell surface of 
conducting airways. 

Mesh size of the PCL. Mesh size is a param- 
eter that describes important physical properties 
of polymer solutions, gels, and brushes, includ- 
ing their permeability to particles and macromol- 
ecules and their osmotic pressure. In polymer 
physics, the mesh size, called correlation length, 
&, is defined as the average distance between near- 
est segments of neighboring macromolecules (32). 
Images of the PCL generated from the rapid fix- 
ation and EM approach (Fig. 2, B and C) might 
not provide reliable values of mesh size because 
of fixation and staining artifacts. Therefore, a 
technique was developed to quantify the PCL 
mesh size in living HBE cultures. This technique 
has its basis in the partitioning concept that, as 
probes of size d enter the PCL layer from dilute 
solutions (32), they are repelled by crowded, teth- 
ered macromolecules within the PCL and have to 
pay a free energy penetration price, F ~ kg7(d/é)" 
(where y = 2 for polymers and y = 3 for parti- 
cles, kg is Boltzmann constant, and 7 is absolute 
temperature; supplementary text). Scaling pre- 
factors on the order of unity have been omitted 
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20- and 40-nm polystyrene particles (red squares) are added for comparison. Data points are mean + SD (n = 3 to 5). Solid curve is the best fit to the data by an 
empirical equation {z(d) = 7 um[1 — exp(-d/15 nm)]}, and dash-dotted line at 7 um represents the height of the outstretched cilia. 
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from this and following equations. The partition 
coefficient, P(d), of probes of size d, defined as 
the ratio of concentration of the probes in the 
PCL to their concentration in the dilute solution 
outside the PCL, is the Boltzmann weight cor- 
responding to this free energy penalty: P(d) = 
exp(-F/kgT) ~ exp {-[d/E(z)]"}. &(z) in this ex- 
pression describes variations of mesh sizes € in 
the PCL with distance z from the cell surface. 
Because an exponential is a rapidly varying func- 
tion, this expression can be approximated by a 


Fig. 4. Osmotic compres- 
sion of the PCL brush by 
mucus and mucus simu- 
lants. (A) Representative 
XZ-confocal images show- 
ing progressive compres- 
sion of the PCL brush by 
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step function (33), with a simple interpretation 
that probe molecules or particles penetrate the 
PCL from dilute solutions down to the depth 
z(d) at which the probe size (d) is equal to the 
mesh size (€) (Fig. 3A). Within this step func- 
tion approximation, the depth profile of mesh 
sizes z(€) is identical to the exclusion profile z(d). 
More rigorous analyses accounting for both the 
exponential form of the partition coefficient and 
the polydispersity of probe molecules led only 
to a small correction in the depth profile of 
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large dextran molecules 
(d > 50 nm) of increasing 
osmotic moduli. Scale bars, 
7 um. (B) Summary data 
of the exclusion thickness 
(2) of the large dextran mol- 
ecules (green circles) and 
endogenous mucus (red 
squares) versus their os- 
motic moduli. Data points 
are mean + SD (n = 3 to 
5). Dashed black line 
represents the best linear 
fit to the dependence of 
PCL height on the loga- 0 1 
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7 um — 3.15log(K/340 Pa). The highlighted region represents the osmotic modulus of a fully hydrated 
(healthy) PCL, Ko = 300 + 60 Pa, above which noticeable decrease of the PCL height was observed. 
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mesh sizes z(€) (supplementary text, fig. S2, 
and table S1). 

The PCL exclusion profile z(d) was mea- 
sured by two-color fluorescent imaging of two 
probes of well-defined sizes: (i) “large” green 
fluorescent dextran molecules of hydrodynamic 
diameter d and (ii) “small” red fluorescent dex- 
tran molecules. A mixture of these red and green 
molecules was applied in dilute solutions to HBE 
cultures washed free of the overlying mucus layer 
(Fig. 3B). The small (d ~ 2 nm) Texas red fluo- 
rescently labeled dextrans completely penetrated 
the PCL and reached the cell surface (Fig. 3B, 
left), as evidenced by the complete overlap of the 
fluorescence profile with that of a sub-nanometer 
dye, rhodamine 110 (fig. $4). In contrast, fraction- 
ated large green fluorescein isothiocyanate (FITC)- 
labeled dextran molecules with d ~ 40 nm were 
excluded from the PCL (Fig. 3B). The exclusion 
zone z(d), defined as the part of the PCL acces- 
sible to small dextrans but not to large ones, had 
a height z ~ 6.5 um, close to the height of out- 
stretched cilia (Fig. 1A). The yellow region above 
the exclusion zone represents the region acces- 
sible to both large (green) and small (red) dex- 
trans. The 6.5-um exclusion zone is in agreement 
with the results using the 40-nm fluorescent beads 
(Fig. 1, C to E). This exclusion persisted after ex- 
tensive washing of the cell surface in the absence 
or presence of a reducing agent (10 mM dithio- 
threitol) sufficient to remove adsorbed macro- 
molecules, including the gel-forming mucins (34) 
(Fig. 3C). Thus, these findings confirm the main 
hypothesis of our gel-on-brush model that the PCL 
is occupied by macromolecules that are strong- 
ly tethered to the cell surface. Furthermore, these 
tethered macromolecules are at sufficiently high 
concentrations to produce a tight mesh with a 
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Fig. 5. (A to C) Schematic illustrations showing the effects of the relative 
water-drawing powers of the mucus gel and the PCL. (B) Normal state: The 
osmotic modulus of normal mucus is smaller than that of the PCL, represented 
by a green spring (Kmucus) with diameter larger than a purple spring (Kpc, = Ko). 
The volume of water in the system is depicted by the fixed distance between 
two plates. (A) Increased hydration: Water added to the healthy airway surface 
(distance between plates increased) with Kinucus < Ko preferentially enters and 
thus dilutes the mucus layer, leaving the PCL unchanged. The resulting osmotic 


modulus of the mucus layer is much smaller than that of the PCL (Kmucus << 
K,). This state is depicted by increase length and diameter of the green spring 
with no change in the purple spring. (C) Dehydrated state (plates close to each 
other): As water is removed, it first preferentially leaves the mucus gel because 
of its lower osmotic modulus. Further dehydration leads to removal of water 
from both the mucus gel and the PCL. The moduli of both layers are increased 
and equal, represented by smaller diameters of shortened springs. This state 
corresponds to diseased airways (COPD and CF). 
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maximum size € of ~40 nm (fig. S3), which pre- 
vents the 40-nm dextran and beads from pene- 
trating the PCL (Figs. 1C and 3B). 

By systematically changing the size d of the 
green probes and measuring their depth of pene- 
tration into the PCL, we observed variations of 
the exclusion thickness z(d) for probes of varying 
size d. This variation is consistent with a PCL 
macromolecular mesh that becomes “tighter” 
toward the cell surface (Fig. 3, B and D, and fig. 
S5). This PCL gradient mesh likely functions as 
a permeability barrier to prevent small infectious 
agents [e.g., influenza A with d ~ 80 to 120 nm 
(35)] from reaching the cell surface. 

Osmotic modulus of the mucus layer and PCL. 
In addition to forming a permeability barrier (36), 
the gel-on-brush model predicts that the dense- 
ly tethered macromolecules within the PCL repel 
each other and thus generate an osmotic pres- 
sure that regulates the hydration of the PCL. 
The rate of osmotic pressure variation with poly- 
mer concentration (c) defines the osmotic mod- 
ulus (K), a parameter that quantifies the hydration 
(water-drawing) power of the system: K = c(On/Ac). 

By using a modified osmometer (37) incor- 
porating a membrane permeable to ions and small 
proteins, we measured the osmotic pressure and 
calculated the osmotic modulus of the mucus 
layer on HBE cultures with concentrations span- 
ning from normal to “abnormally” high values 
(fig. S1). The osmotic modulus (K) of the mucus 
layer strongly increased with mucus concentra- 
tion, from 200 Pa at normal mucus concentra- 
tions (0) [roughly 0.01 g/ml, which is equivalent 
to ~2% solids (38)] to 3000 to 8000 Pa for se- 
verely dehydrated (concentrated) mucus in ranges 
reported in CF patients [>0.07 g/ml, 1e., >8% 
solids (10, 39)]. 

We measured the PCL osmotic modulus by 
exposing washed HBE cultures to solutions con- 
taining very large (d > 50 nm) PCL-impenetrable 
polymers of varying concentrations and, hence, 
osmotic moduli (Fig. 4). Similar to the PCL pen- 
etration experiments (Fig. 3), measurements of 
PCL osmotic moduli were performed by using a 
two-fluorescent-probe technique. Unlike the PCL 
penetration experiments, only the concentration of 
the large green dextrans, and hence the osmotic 
modulus of the test solution, was varied. 

Solutions containing large dextrans with os- 
motic moduli lower or comparable to the mod- 
ulus of normal mucus (K ~ 200 Pa) did not affect 
the height of the PCL (Fig. 4). Only when K of the 
dextran solution exceeded ~300 Pa did the PCL 
begin to be compressed, as evidenced by the de- 
crease in the exclusion height. Therefore, 300 Pa 
represents the osmotic modulus of a fully hydrated 
(healthy) PCL (Ko) (Fig. 4B, gray zone). Expo- 
sure to a higher concentration of dextran with a 
K ~ 4000 Pa resulted in a substantial collapse of 
the PCL (Fig. 4). 

The probe penetration experiments described 
above (Fig. 3) identified a gradient of mesh sizes 
&(z) in the PCL, strongly suggesting that the graft- 
ing density of macromolecules tethered to cilia 


increases toward the cell surface. On the basis of 
this observation, we predicted that the repulsion 
between these macromolecules, and therefore the 
osmotic modulus of the PCL, would also increase 
toward the cell surface. Indeed, the exclusion zone 
for the probes was observed to decrease system- 
atically as a function of the osmotic modulus K 
of the mucus simulants (green circles, Fig. 4B). 
These findings were validated by the experiments 
in which the PCL was compressed by endog- 
enous mucus at various concentrations (and os- 
motic modult) (red squares, Fig. 4B). Mucus with 
high concentrations, mimicking those found in 
immobile airway secretions from diseased lungs 
such as CF (i.e., >0.07 g/ml (70, 39) with K > 
3000 Pa), removed sufficient water from the PCL 
to cause its collapse (Fig. 4). 

These data suggest that the gel-on-brush mod- 
el accurately describes the forces that govern hy- 
dration of airway surfaces. The model predicts 
that water distributes between the two airway 
surface layers, that is, the mucus layer and PCL, 
according to their relative osmotic moduli (Fig. 5). 
The layer with a lower osmotic modulus changes 
its concentration more readily than the layer with 
the higher osmotic modulus. This relationship is 
analogous to the deformation of a pair of springs 


Fig. 6. Collapse of cilia by 
mucus and mucus simu- 
lants. Possible scenarios 
for the compression of 
the PCL brush by mucus 
or mucus simulants with 
high osmotic modulus (con- 
centration): (A) tethered 
macromolecules are com- 
pressed toward the cilia 
surface without significant 


connected in series (Fig. 5B). Upon deformation 
of the pair, the softer spring (with lower mod- 
ulus) deforms more than the stiffer one. Because 
the PCL is a “constrained” (tethered) system, its 
concentration saturates upon hydration, and there- 
fore it has a “minimal” osmotic modulus (Ko) 
when the PCL is fully hydrated. In contrast, the 
mucus layer is under no such constraint, so its 
osmotic modulus can become very small upon 
extensive hydration. As a result, liquid added to 
the hydrated and healthy airway surface prefer- 
entially enters the mucus layer, leaving the PCL 
unchanged (Fig. 5A). Conversely, when the air- 
way surface is dehydrated, liquid is drawn first 
from the mucus layer, increasing its concentration 
and, therefore, osmotic modulus. As the osmotic 
modulus of the mucus layer exceeds Ko of the 
PCL, water is extracted from both layers, increas- 
ing their concentrations and osmotic moduli and 
resulting in compression of the PCL (Fig. 5C). 
Thus, the gel-on-brush model posits that (i) for 
health, the osmotic modulus (Ko) of the PCL must 
be larger than that of the mucus layer (Fig. 5B) to 
ensure the required hydration and lubricating 
properties of the PCL for normal mucus clearance 
and (ii) in disease, strong dehydration of the air- 
way surface produces a mucus layer osmotic 
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the compressed tethered 
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bars denote the length of fully extended cilia (7 um). (E) Summary plot of the cilia height versus the osmotic 
moduli of the overlying mucus and mucus simulants, using large, PCL-impermeable dextran (d > 50 nm; 
green solid circles), low-melting point agarose (d = 44 nm; blue solid diamonds), endogenous mucus (red 
solid squares), and small PCL-permeable dextran (d ~ 2 nm; black open circles). Data points are mean + SD 
(n = 3 to 5). PCL-permeant 2-nm dextran did not alter the height of the cilia. “C” and “D” above the x axis 
represent conditions illustrated above. Solid green line represents the best linear fit to the dependence of 
cilia height on the logarithm of osmotic modulus of mucus or mucus simulants for K > 1000 Pa: z = 7 um — 
3.33log(K/807 Pa). Dependence of the exclusion zone z(K) on osmotic modulus of mucus or mucus simulants 
(Fig. 4B) is shown for comparison by the dashed black line. Highlighted zone represents the crossover 
osmotic modulus, K,. = 800 + 120 Pa, above which noticeable decrease of the cilia height was observed. 
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modulus (Kmucus) that substantially exceeds Ko 
of the healthy PCL, collapsing the PCL and slow- 
ing or abolishing mucus clearance (Fig. 5C). 

There are contrasting scenarios for PCL col- 
lapse upon osmotic compression that have im- 
portant implications for cilia-beating dynamics 
and mechanisms of mucus adhesion to the air- 
way surface. For example, one possibility is that 
the tethered macromolecular brush is compressed 
against “extended” cilia upon exposure to dehy- 
drated mucus or mucus simulants with high os- 
motic moduli, allowing penetration of mucus into 
the interciliary space (Fig. 6A). This scenario is 
expected if cilia are elastically stiffer than the 
surrounding brush of tethered macromolecules 
and dehydrated mucus. An alternative possibil- 
ity is that the cilia are compressed toward the epi- 
thelial surface (Fig. 6B). To distinguish between 
these two possibilities, we used bright-field mi- 
croscopy of HBE cultures mounted in profile to 
directly measure the maximal height of the cilia 
during the exposure to solutions of varying os- 
motic moduli. Large dextran (d > 50 nm) or agar- 
ose (d ~ 44 nm) solutions with osmotic moduli 
K < 800 Pa had negligible effects on the height 
of the cilia (Fig. 6C and points to the left of the 
highlighted zone in Fig. 6E). However, cilia height 
decreased substantially with increasing solution 
osmotic moduli (Fig. 6D and points to the right 
of the highlighted zone in Fig. 6E). The value of 
800 Pa represents the minimum osmotic modulus 
(Kc) required to compress the cilia. With expo- 
sure to solutions with K > K,,, the cilia still beat 
within this restricted space but not at their full 
height. These data, coupled with dye measurements 
of Ko (Fig. 4), suggest that, with moderate in- 
creases in osmotic modulus of the overlaying poly- 
mer layer, for example, between Ky = 300 Pa and 
K.¢ = 800 Pa, there was compression of the brush 
toward the cilia. Polymer solutions with higher 
osmotic moduli caused cilia to collapse. Experi- 
ments with HBE mucus (red squares, Fig. 6E) 
revealed that mucus with osmotic modulus K = 
5700 Pa, similar to that observed in CF, also 
produced complete ciliary collapse. On the basis 
of these data, airway cilia do not exhibit suf- 
ficient stiffness to resist osmotic collapse during 
severe airway surface dehydration (supplemen- 
tary text). 

The interface between the mucus layer and 
the PCL brush is semipermeable. Thus, only the 
large macromolecules that cannot penetrate the 
mesh of the opposing layer, and not the freely 
permeant salts and small globular proteins, gen- 
erate the “partial” osmotic pressures and moduli 
that govern water distribution between the two 
layers. To test this prediction, we exposed HBE 
cultures to luminal solutions containing small dex- 
trans (d ~ 2 nm) with varying concentrations and 
thus “total” osmotic moduli. These small dextrans 
freely enter into the PCL and hence are predicted 
not to produce osmotic compression of the PCL 
brush. Indeed, no changes in the cilia height were 
observed, even for solutions of small dextrans pro- 
ducing osmotic moduli exceeding 10,000 Pa (black 


open circles, Fig. 6E). On the basis of these find- 
ings, we conclude that the large macromolecules 
in the mucus layer (e.g., secreted mucins that can- 
not penetrate the PCL) are the “partially” osmotically 
active molecules with respect to the PCL brush. 

Conclusion. The gel-on-brush model postu- 
lates that the densely tethered macromolecules 
occupy the periciliary layer, stabilizing the two- 
layer mucus clearance system by preventing mu- 
cus from penetrating the interciliary space. The 
PCL brush controls the distribution of water be- 
tween the two layers required for normal mucus 
clearance. For example, the gel-on-brush model 
predicts that the normal mucus layer, with a par- 
tial osmotic modulus (~200 Pa) lower than the 
minimal modulus of the PCL (Ko ~ 300 Pa), acts 
as a reservoir for water in healthy airways, en- 
suring efficient clearance over a range of airway 
surface dehydration states (/0). If the airway 
surface is sufficiently dehydrated that the partial 
osmotic modulus of the mucus layer exceeds Ko, 
the mucus layer compresses the PCL brush and 
cilia, slowing down and eventually stopping mu- 
cus clearance observed in disease, for example, 
CF (7). The resulting immobile mucus forms a 
nidus for inflammation and bacterial infections 
(40, 41), leading to chronic lung disease associated 
with CF and COPD. The increase in the partial 
osmotic modulus of the mucus layer can reflect 
either a decrease in the amount of solvent (water), 
as in CF (7), or an increase in amount of secreted 
mucins as in COPD (6). Therefore, the gel-on-brush 
model has the capacity to unify the pathogenesis of 
human airway diseases that have in common mucus 
stasis, inflammation, and infection. 
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There is a consensus that type la supernovae (SNe la) arise from the thermonuclear explosion of white 
dwarf stars that accrete matter from a binary companion. However, direct observation of SN la progenitors 
is lacking, and the precise nature of the binary companion remains uncertain. A temporal series of 
high-resolution optical spectra of the SN la PTF 11kx reveals a complex circumstellar environment that 
provides an unprecedentedly detailed view of the progenitor system. Multiple shells of circumstellar material 
are detected, and the SN ejecta are seen to interact with circumstellar material starting 59 days after 

the explosion. These features are best described by a symbiotic nova progenitor, similar to RS Ophiuchi. 


January 2011 (UT) by the Palomar Transient 

Factory (PTF) at a cosmological redshift 
of z = 0.04660 + 0.00001 (7). This corresponds 
to a luminosity distance of ~207 Mpc. The ini- 
tial spectrum of PTF 11kx, taken 26 January 
2011, showed saturated absorption in the Ca II 
H and K lines, along with weak absorption in 
the Na I D lines (Fig. 1). In interstellar gas, the 
Na ID lines are usually of strength comparable 
to (or greater than) that of the Ca II lines (2); 
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thus, this combination of absorption features 
indicated that PTF 11kx may have affected its 
surroundings, revealing evidence of its circumstellar 
environment and progenitor system. Supernovae Ia 
(SNe Ia) are known to exhibit photometric (3, 4) 
and spectroscopic (5) diversity that is correlated 
with intrinsic brightness, such that bright (faint) 
SNe Ia have relatively broad (narrow) light curves, 
high (low) photospheric temperature, and weak 
(strong) Si II 46150 absorption. Aside from the 
saturated Ca II absorption, the initial spectrum 
and a subsequent temporal series of spectra 
show PTF 11kx to resemble SN 1999aa (6, 7), 
a broad/bright SN Ia (Fig. 1). This suggests that 
insights into the progenitor of PTF 11kx may be 
applicable to SNe Ia generally, rather than to only 
a subset of peculiar objects. A complete sample 
of nearby SNe Ia shows that the subclass similar 
to SN 1999aa comprises >9% of all SNe Ia (8). 

We obtained high-resolution spectra (R = 
MAA ~ 48,000) of PTF 11kx with the Keck I 
High Resolution Echelle Spectrometer (HIRES) 
instrument at —1, +9, +20, and +44 days, rel- 
ative to B-band maximum light in the observer 
frame. Low-resolution spectra were obtained on 14 
epochs between —3 and +130 days and show the 
composition and evolution of features that are 
unique to SNe Ia (Fig. 1). The SN system is 
blueshifted from the galaxy cosmological red- 
shift by ~100 km s', as determined from the 
strongest narrow interstellar Na D absorption line 
(9, 10). An assumption that emission lines from a 
nearby H II region evident in the two-dimensional 
spectra are indicative of the progenitor velocity 
gives a consistent result. 

The high-resolution spectra reveal narrow ab- 
sorption lines of Na |, Fe IL, Ti Il, and He I (Fig. 2). 
All are blueshifted by a velocity of ~65 km s‘ rel- 
ative to the progenitor system, with a velocity 
dispersion of ~10 km s ‘ and are consistent with 
arising in the same cloud or shell. The sodium 
lines increase in depth over time, a feature that 
has been resolved in high-resolution spectra of 


two previous SNe Ia (SN 2006X and SN 2007le) 
and has been explained as the photoionization of 
circumstellar material (CSM) by the SN light, 
followed by recombination that is detected through 
the increased presence of neutral sodium (9, //). 
A statistical study using high-resolution spectra 
of 35 SNe Ia has shown that at least 20% of 
those with spiral host galaxies have CSM revealed 
through narrow Na I D absorption lines (/0). 

However, narrow lines of circumstellar Fe II, 
Ti Il, and He I have not been seen previously ina 
SN Ia. He I 15876 strengthens over time, which 
can be explained by photoionization and recom- 
bination, if sufficient far-ultraviolet (UV) photons 
are generated in the early phases of the SN. SNe 
Ta are expected to produce only weak emission in 
the far-UV, but interaction of the SN ejecta with 
an extended progenitor such as a red giant star 
can produce an excess of x-ray and UV photons 
(12). Lower excitation states of Fe II 144923, 
5018, and 5169 decrease in strength in time, 
whereas higher excitation states, such as Fe II 
45316, remain constant. A possible explanation 
for this is that the excitation energy of Fe II 
45316 (3.153 eV) corresponds to the saturated 
Ca II K line, and thus the population of this level 
is unaffected by the SN light. Because SNe Ia are 
weak sources in the UV, the distance over which 
they can ionize gas is limited, and hence the 
observed photoionization indicates that the ma- 
terial is circumstellar (9, //). An alternative ex- 
planation, as the projection effect of different 
interstellar clouds, was proposed for the time- 
variable Na I D lines in SN 2006X (73); however, 
interaction with the CSM in PTF 11kx demon- 
strates conclusively that CSM is present. There 
are other narrow sodium features at different rel- 
ative velocities that do not vary with time, which 
must originate at a larger distance and are most 
likely interstellar (Fig. 2). 

The hydrogen Balmer series is clearly detected 
in absorption at ~65 km s ‘ and is consistent with 
being at the same velocity as the Fe II, Ti I, Na I, 
and He | lines (Fig. 2). The Ha and HB lines 
show narrow P-Cygni profiles, which are char- 
acteristic of an expanding shell of radiating ma- 
terial. The presence of circumstellar hydrogen 
has long been identified as one of the character- 
istics expected in the single-degenerate SN Ia pro- 
genitor model (/4, /5) but has only been detected 
in at most two other cases, SN 2002ic (16) and SN 
2005gj (77), and only at levels much stronger than 
in the early epochs of PTF 11kx. 

These narrow features of H, He, Fe, Ti, and Na 
arise from material that is distinct from the stron- 
ger Ca absorption, which, owing to its more blue- 
shifted absorption minimum of ~100 km s ‘, must 
be at a higher velocity. In fact, at later epochs, 
emission lines of Ca and H emerge, marking the 
onset of interaction between SN ejecta and CSM. 
This transition of circumstellar lines from absorp- 
tion to emission has not previously been observed 
in a SN Ia and shows definitively the presence of 
CSM. Narrow absorption components can be seen 
atop the broader emission (full width at half 


24 AUGUST 2012 VOL 337 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on August 26, 2012 


maximum ~ 1000 km s') (Fig. 3), indicating 
that there are two regimes of material, with the 
faster-moving H and Ca interior to the slower- 
moving shell (Fig. 4.) 

The saturation of the Ca II K line near max- 
imum light requires that no part of the SN pho- 
tosphere is uncovered by the absorbing material; 
this constrains the distance of the absorbing cloud 
from the progenitor to be further than the SN 
ejecta and the size of the cloud to be as large as 
the SN photosphere. Assuming typical values for 
the ejecta expansion velocity of the outer layers 
of the exploding white dwarf of 25,000 kms‘ and 
mean photospheric velocity of 10,000 km s", 
these constraints are ~4.3 x 10'° cm and ~1.7 x 
10'° cm, respectively (Fig. 4). The column density 
of Ca II in the near-maximum-light spectra is 


fy + constant 


3500 4000 4500 5000 


determined to be ~5 x 10'* cm? (/8). Assuming 
that the Ca is part of a spherical shell of material 
with uniform density would imply a total mass in 
the CSM [~5.3 times the mass of the Sun (Mo)] 
that is incompatible with the photometric behavior 
of the SN (/8). Therefore, the material must be 
nonuniform. A small range of viewing angles that 
intersect such a dense cloud of absorbing material 
may partly explain the rare occurrence of variable 
absorption features in SNe Ia. 

The Ca II H and K lines detected in lower- 
resolution spectra confirm the disappearance of 
the absorption over ~40 days and the emergence 
of a broad emission feature in the spectrum taken 
+39 days after maximum (Fig. 1). The broad emis- 
sion feature initially exhibits a narrower absorption 
component as well (possibly because of an outer 


SN2002ic SN1999aa 


PTF 11kx 


5500 6000 6500 7000 


) [A] (restframe) 


Fig. 1. Comparison of spectra. A temporal series of spectra of PTF 11kx is compared with that of the 
broad/bright SN 1999aa (7) and the CSM interaction SN la, SN 2002ic (16), all at a similar phase. The 
location of Mg II, Fe Il, S Il, and Si Il present in the SN ejecta are labeled. The presence of both Si Il and S Il 


is a feature seen uniquely in SNe of type la. 


REPORTS [ 


shell of CSM) (Fig. 4), but this is no longer evident 
after day +56. At day +39, Hoa also begins to 
exhibit a broad emission component. Assuming a 
rise time of ~20 days and an ejecta velocity of 
25,000 km s“' would imply that the location of the 
interaction is ~10'° cm. The temporal evolution 
of the Ca II K and Ha lines are shown in Fig. 3. 

A model for the progenitor of PTF 11kx must 
thus explain the presence of multiple components 
of CSM, fast-moving material interior to slower- 
moving material, velocities of the narrow ab- 
sorption components that are larger than typical 
red giant winds, and a region evacuated of CSM, 
leading to a delay between the explosion and the 
emergence of broad components of Ca and H 
emission. A SN Ia occurring in a symbiotic nova 
system naturally provides an explanation for all 
of these features. In this model, accretion onto a 
near-Chandrasekhar-mass white dwarf occurs 
through the wind from a red giant star. The wind 
also deposits CSM into the system, which is 
concentrated in the orbital plane (9). Episodic 
thermonuclear runaways on the surface of the 
white dwarf cause nova events, which eject a 
mass of ~10 ’ Mg at velocities of thousands of 
km s"'. This process results in expansion veloc- 
ities of CSM at ~50 to 100 km s ! concentrated in 
the orbital plane, as is observed in high-resolution 
spectra of RS Ophiuchi (20). The delay in the 
interaction between SN ejecta and CSM, leading 
to the emergence of the broad Ha and Ca II emis- 
sion, is explained as being due to an evacuated 
region around the SN caused by the previous nova 
event (2/) that will be present until the red giant 
wind has had time to replenish the local CSM. 

The system of features seen in the spectra of 
PTF 11kx is inconsistent with expectations for 
double-degenerate SN Ia progenitors. Double- 
degenerate SN Ia progenitors first go through a 
common-envelope phase in which the outer layers 
of the secondary star are stripped, resulting in large 
amounts of CSM. However, it is generically ex- 
pected that the envelope material will have dis- 
sipated by the time of the SN Ia event (22). Recent 
modeling of the white dwarf merger process in 
double-degenerate SN models suggests that heat- 
ing in the accretion disk can drive a wind, de- 
positing CSM into the system; however, because 
of the previous common-envelope phase, the pres- 
ence of hydrogen cannot be accounted for (23). 
Alternative models for SN 2002ic and SN 2005g}, 
which suggested that they were not SNe Ia, are 
also implausible for PTF 11kx (/8). 

For epochs less than ~20 days after maximum, 
the light curve of PIF 11kx resembles that of 
typical broad/bright SNe-Ia (/8). Using the color 
law of the SiFTO (24) light-curve model, we esti- 
mate that PTF 11kx is only moderately extin- 
guished by dust (~0.5 magnitudes in /-band), and 
that the absolute magnitude (M; ~ —19.3) is as 
expected for a SN 1999aa—like SN Ia. At epochs 
later than ~20 days, the light curve appears brighter 
than the SN Ia templates, indicating that some 
brightening due to CSM interaction has begun. At 
an epoch of ~+280 days the SN is at an absolute 


www.sciencemag.org SCIENCE VOL 337 24 AUGUST 2012 


943 


Downloaded from www.sciencemag.org on August 26, 2012 


Wl REPORTS 


Fig. 2. The temporal evolution of narrow absorption 
features in PTF 11kx. The panels show (a) Na | D2, (b) Fe Il 
25018, (c) Fe Il 45316, (d) Na! D1, (e) Fe Il 45169, and 
(f) He | 1.5876. Separate components of Na | D are labeled 
as A, B, and C. Component A strengthens with time and is 
interpreted as ionization from the SN followed by 
recombination and thus is from CSM. Components B and 
C are attributed to the interstellar medium. The velocities 
are given relative to component B, which is taken as 
indicative of the local velocity of the SN progenitor system. 
The lower excitation states of Fe II [(b) and (e)] are seen to 
vary with time, whereas the higher excitation Fe II line (c) 
appears to be constant in time. He | absorption emerges in 
the later spectra. The vertical dashed line marks the velocity 
of the CSM at —65 km s™*. The horizontal dashed lines mark 
1 and 0 in normalized flux units. A cosmic ray in the day —1 
spectrum near Na | D1 is marked by CR; it produces a 
spurious absorption feature near the C component. 


Normalized Flux 
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Av (km s7') 
Fig. 3. The temporal evolution of Ho and Ca Il K : — +9 days 
— +20 days 


features in PTF 11kx. (A) Low-resolution Ha, (B) high- 
resolution Ho, (C) low-resolution Ca Il K, and (D) 
high-resolution Ca Il K. The +9 and +20 day high- 
resolution Ca II spectra have been rebinned to 20 km 
s precision for clarity of presentation. The vertical 
dashed line marks the velocity of the slower CSM at 
—65 km s™*. The large optical depth in the Ho. line 
causes an apparent blueshift in the absorption mini- 
mum, relative to the —65 km s~ expansion velocity 
of the narrow lines shown in Fig. 2. The horizontal 
dashed lines mark 0 and 1 in normalized flux units 
and show that at early times the Ca II lines are sat- 
urated. Narrow absorption, indicated by an arrow, can 
be seen superposed on the broad emission in the day 
+44 spectrum (D). Narrow interstellar lines of Ca Il, 
corresponding to components B and C in panels (a) and 
(d) of Fig. 1, can be seen at 0 and +45 km s+. Several 
spectra in (A) and (C) appear to show narrow absorp- 
tion superposed on broad emission, although the ab- 
sorption is not always resolved. This indicates that, 
subsequent to the onset of CSM interaction, slower- 
moving material external to the inner shell of inter- 
acting material remains, possibly due to a decelerated 
nova shell. 
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magnitude of ~—16.6, roughly 3 magnitudes brighter 
than expected, indicating that circumstellar interac- 
tion is still ongoing. Circumstellar interaction, in- 
cluding broad H emission and excess luminosity, 
was observed previously in SN 2002ic and SN 
2005gj, which had the appearance of the extreme 
broad/bright SN 1991T, superposed with features 
from strong CSM interaction. The strength of the 
interaction casts some doubt on their identity as 
SNe Ia, which is not the case for PTF 11kx (Fig. 1). 
Indeed, PTF 11kx bridges the observational gap 


between broad/bright SNe Ia and SN 2002ic/SN 
2005gj, showing that SNe Ia exist with CSM 
interaction that is weaker and begins much later 
after explosion. This supports and enhances the 
interpretation that the earlier SNe with H emission 
were SNe Ia, where the strength of the CSM 
interaction depends on details of the progenitor 
system, such as the mass-loss and accretion rates 
and the time since the last nova eruption. 
Measurements of the host-galaxy properties 
for SNe Ia suggest that broad/bright SNe Ia arise 


from relatively young stellar populations (25), 
and a complete understanding of SN Ia progen- 
itors must account for the occurrence of CSM in- 
teraction preferentially in young progenitor systems 
(/0). The host galaxy of PTF 11kx is a spiral galaxy 
with active star formation and therefore has a 
substantial fraction of young stars. In contrast to 
SN 2002ic/SN 2005gj, the host galaxy has typ- 
ical values for mass and metallicity, so there is no 
evidence that PTF 11kx must have come from an 
atypical stellar population. 
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Fig. 4. Schematic showing the interpretation of the observations of PTF 11kx. In the symbiotic nova 
progenitor system, a red giant wind deposits CSM into the system, which is concentrated in the orbital 
plane. Episodic nova events further shape the CSM, resulting in expansion velocities of ~50 to 100 kms. 
There is an inner region of material containing at least H and Ca, moving at ~100 km s~“, surrounded by 
more distant material containing H, Ca, Na, Fe, Ti, and He, moving at ~65 km s~*. The presence of 
hydrogen in the inner region is inferred from the onset of emission, concurrent with the onset of Ca II 
emission. This geometry, and the delay in the onset of CSM emission, is consistent with a relatively recent 
nova whose ejecta are sweeping up the CSM and decelerating. The inner boundary of CSM is at a distance 
of ~107¢ cm, as determined from the onset of interaction. 


There are several indications that white dwarf 
mergers are required to explain some SNe Ia, 
including the rate in old stellar populations (26) 
and the existence of SNe Ia radiating at a lumi- 
nosity that requires an exploding white dwarf 
above the Chandrasekhar limit (27, 28). The lack 
of a surviving companion near the remnant of a 
SN Ia in the Large Magellanic Cloud has provided 
evidence for a double-degenerate progenitor for 
that particular case (29). A symbiotic nova pro- 
genitor has been ruled out for the nearby SN Ia 
PTF 11kly/SN 2011 fe (30), which implies either 
a main-sequence companion or a double-degenerate 
progenitor (3/7, 32). On the other hand, the detec- 
tion of CSM, inferred through either temporal 
variability (9, //) or statistical analysis of the ve- 
locity (0) of narrow absorption features, has 
provided recent evidence in support of the single- 
degenerate progenitor scenario for some SNe Ia. 
The remnant of Kepler’s SN shows evidence for 
interaction with a circumstellar shell that supports 
a single-degenerate progenitor for that SN Ia (33). 

The system of features observed in PTF 11kx 
supplies direct evidence for a single-degenerate 
progenitor with a red giant companion, and our 
data suggest a link between SNe Ia that show 
weaker signatures of the circumstellar environ- 
ment (SN 2006X, SN 2007le, and Kepler's SN) 
and those that show stronger signatures (SN 
2002ic and SN 2005gj). The fraction of SNe Ia 
that exhibit prominent circumstellar interaction 
near maximum light is ~0.1 to 1%, but more 
subtle indications of a symbiotic progenitor could 
be missed in typical SN observations (/8). Addi- 


tionally, even more extreme interaction ofa SN Ia 
with CSM would not be distinguishable from a 
type IIn SN, and it has been speculated that some 
SNe IIn are in fact SNe Ia hidden within very 
strong CSM interaction (/6). Our data imply that 
there is indeed a wide range of CSM interactions 
possible from SNe Ia and support this interpre- 
tation. If this is the case, then current estimates of 
the rate of SNe with progenitors similar to that of 
PTF 11kx will be underestimated. Theoretical 
expectations for the fraction of SNe Ia from the 
symbiotic progenitor channel are ~1 to 30% 
(34, 35), consistent with observational constraints. 

The solution to the long-standing puzzle of the 
progenitors of SNe Ia is that there is no single 
progenitor path. It remains to be determined in what 
proportion different progenitor channels contrib- 
ute to the total rate of SNe Ia, whether different 
channels result in different absolute luminosities 
or color evolution, and how the potential change 
of the relative contributions of different channels 
with look-back time may affect the use of SNe Ia 
in accurately measuring cosmological expansion. 
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The vast majority of known nonaccreting neutron stars (NSs) are rotation-powered radio and/or 
y-ray pulsars. So far, their multiwavelength spectra have all been described satisfactorily by 
thermal and nonthermal continuum models, with no spectral lines. Spectral features have, 
however, been found in a handful of exotic NSs and were thought to be a manifestation of their 
unique traits. Here, we report the detection of absorption features in the x-ray spectrum of an 
ordinary rotation-powered radio pulsar, J1740+1000. Our findings bridge the gap between the 
spectra of pulsars and other, more exotic, NSs, suggesting that the features are more common in 
the NS spectra than they have been thought so far. 


opportunity to understand physical pro- 

cesses under the most extreme conditions 

in the universe. These super-dense compact stars 
have extremely strong magnetic fields reaching 
up to a few hundred teragauss. Thanks to the 
strength of the magnetic field and rapid rotation, 
young NSs are capable of generating and main- 
taining huge electric potential drops (up to a few 
petavolts) across parts of their magnetospheres, 
leading to efficient particle acceleration, pair cas- 
cades, and high-energy radiation. The vast ma- 
jority (98%) of known NSs are rotation-powered 
radio or y-ray pulsars (/) (Fig. 1). The continuum 
emission of these objects (both thermal emis- 
sion from the NS surface and nonthermal from 
the magnetosphere) has been extensively studied 
and has provided important information about 
the structure and properties of pulsar magneto- 
spheres, the composition and temperature of the 
surface layers, and the state of the NS interior (2). 
Recently, absorption features have been de- 
tected in the thermal x-ray spectra of a few un- 
usual NSs: x-ray dim isolated NSs (XDINSs), 
which do not emit radio pulsations and likely 
have empty (or particle-starved) magnetospheres; 
central compact objects (CCOs) in supernova 
remnants, which are radio-quiet NSs with low 
magnetic fields; and rotating radio transients 
(RRATs), which belong to a recently discovered 
class of NSs seen in the radio only intermittently. 
All of these NSs are atypical compared with or- 
dinary, rotation-powered pulsars, and the spectral 
features have been attributed to peculiarities of 
these objects and exotic physics. For example, 
in XDINSs, the surface magnetic field is strong 


T= study of neutron stars (NSs) offers an 
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enough for quantum electrodynamic effects to 
be important, whereas for the very weakly mag- 
netized CCOs, the electron cyclotron energy for 
the surface magnetic fields is low enough that it 
falls into the soft x-ray band. For ordinary pul- 
sars (with magnetic fields ~10" G), neither of 
these conditions is expected to be satisfied at the 
NS surface and hence no analogous spectral fea- 
tures are expected in soft x-rays. 

The 100,000-year-old radio pulsar (PSR) 
J1740+1000 was detected in 2002 (3). The pul- 
sar’s spin period, P= 154 ms, and its derivative, 
P =2.15 x 10 '*s s', place it among other 
relatively young pulsars in the P-P diagram (Fig. 


Log Pdot 


1), suggesting that it is a fairly unremarkable pul- 
sar, which loses rotational energy at a rate E = 
2.3 x 10*° erg s ' and has a surface magnetic 
field By = 1.8 x 10’? G. With the dispersion mea- 
sure DM = 24 pe cm * and a Galactic latitude of 
20.3°, the derived distance of PSR J1740+1000 
is 1.4 kpe or 1.2 kpc [according to the Galactic 
electron density models of (4) and (5), respec- 
tively]. The off-plane location leads to fortuitous- 
ly low interstellar absorption, making this pulsar 
one of the few whose spectra can be studied in 
softer x-rays (<1 keV). For 10% interstellar me- 
dium ionization, the measured DM implies a hy- 
drogen column density Ny ~ 7.4 x 107° cm. 
The total Galactic HI column in this direction is 
= (8.2-8.7) x 107° em? (6, 7). 

X-ray emission from PSR J1740+1000 was 
first detected in a 20-ks Chandra Advanced CCD 
(charge-coupled device) Imaging Spectrometer 
(ACIS) observation (8). Here, we report the re- 
sults of observations with the X-ray Multi-Mirror 
Mission—Newton (XMM-Newton) x-ray observ- 
atory European Photon Imaging Camera (EPIC) 
and Chandra X-ray Observatory ACIS (see the 
supplementary text for observation details). 

The phase-integrated spectrum of J1740+1000 
(Fig. 2A), measured with EPIC and ACIS, is well 
fit [reduced y,” = 0.92, for v = 81 degrees of free- 
dom (df )] in 0.2 to 10 keV by a model containing 
two blackbody (BB) components (9) (with 77° = 
T1SeV, Te = 148H Sev and Re = 7.677km, 


Log P, s 


Fig. 1. Period P versus period derivative P for pulsars of various types. These parameters are most 
commonly used to characterize pulsars. The data come from the Australia Telescope National Facility 
catalog (27). A number of physical indicators can be derived from P and P, namely the spin-down 
power, magnetic field, and spin-down age (overplotted as labeled straight lines). Whereas the vast 
majority of ordinary, rotation-powered pulsars (black dots) are grouped in the middle of the figure, 
exotic objects such as magnetars (red squares), RRATs (blue triangles), CCOs (red circles), and XDINSs 
(orange stars) appear located away from the ordinary pulsar population. We have marked the NSs 
with reported spectral features (for which both P and P have been determined) with large black 
crosses. 


24 AUGUST 2012 VOL 337 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on August 26, 2012 


RF = 0.647977km, ford= 1.4 kpc) plus a power- 
law (PL) component with photon index T= 1.6 + 
0.6 and Ny = 9.7513 x 10°°em (70) (uncertain- 
ties here and below are given at 68% confidence 
for a single parameter). The isotropic bolometric 
luminosity of the dominant cooler thermal emis- 
sion from most of the NS surface is 2 x 10° ergs 1. 
The hotter thermal component with an emitting 
area smaller by a factor of 140 could be attri- 
buted to a hot spot on the NS surface. Being 
faint and hard, the PL component contributes 
substantially only above 1.3 keV (Fig. 2). To sim- 
plify the analysis of the thermal emission, we 
only considered energies <1.1 keV and therefore 
ignored the PL component. The emission shows 
substantial pulsations with the pulsed fraction of 


30% + 4% in 0.2 to 1.1 keV (Fig. 3, left). Overall, 
the properties resemble those of other nearby 
middle-aged pulsars [Geminga, B0656+14, and 
B1055—S2 (//, 12)]. 

Figure 3 (right) shows spectra corresponding 
to three selected phase intervals: 0.0-0.3 (dip); 
0.3 to 0.6 and 0.8 to 1.0 (rise and fall); and 0.6 to 
0.8 (peak). Large systematic differences appear 
between the three spectra. Although overlapping 
at 0.3 to 0.5 keVand above 1 keV, the spectra differ 
markedly in 0.5 to 0.8 keV and below 0.3 keV. 
The relative differences in phase-resolved spectra 
cannot result from poor calibration (because all 
photons are detected with the same instrument dur- 
ing the same observation), and the residuals strong- 
ly suggest two phase-dependent spectral features. 


REPORTS 


Indeed, when we added a Gaussian absorption 
line (GABS) to a single BB continuum [BB<GABS, 
where GABS = exp(-te °°! “0")] (see Table 
1 caption), the differences between the phase- 
resolved spectra in the 0.5 to 0.8 keV range could 
be accounted for solely by variations in the GABS 
parameters with the BB component held fixed. 
The 0.5 to 0.8 keV line-like feature is strong and 
present in all three phase intervals, but both the 
line’s central energy and strength vary with phase, 
becoming progressively stronger from the pulse 
maximum to the pulse minimum (Fig. 3). In the 
BBxGABS fits, there are no systematic residuals 
in the 0.5 to 0.8 keV range. The residuals below 
0.3 keV vary in concert with the 0.5 to 0.8 keV ab- 
sorption line strengths; however, with the relatively 
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Fig. 2. Phase-integrated spectra of PSR J1740+1000. (A) The count-rate 
spectra obtained with XMM-Newton EPIC and Chandra ACIS are shown to- 
gether with the best-fit absorbed BB+BB+PL model. The error bars shown in 
this and other figures are 16 for Poisson statistics. Different colors correspond 
to different instruments of the two x-ray observatories (as labeled). Here and in 


Fig. 3. Pulse profiles and 


Energy (keV) 


other spectral plots, the error bars correspond to the data, and the lines 
correspond to the best-fit models. (B) The best-fit model photon spectrum, 
with the individual components shown (dotted lines). See the text for details of 
the fitting and parameter values. The jumps in the spectrum are the edges due 
to the interstellar absorption. 
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Table 1. Parameters (with 1 o statistical uncertainties) of the spectral models fitted to the phase-resolved 
spectra in the 0.2 to 1.1 keV range. In all cases, the spectra from three phase bins have been fitted 
simultaneously for consistency. T~ (eV) and R™ (km) are BB temperature and radius (as measured at the 
infinity), respectively. The radii are given for 1.4-kps distance. For the line, F,, c, t, and EW are the central 
energy, width, optical depth and the corresponding equivalent width, respectively. The column density Ny 
is kept constant in every case, at the value of 9.7 x 107° cm? obtained for the phase-integrated spectrum. 
EW is not an additional parameter but is inferred from the other GABS parameters. 


Phase interval 


Parameter 

Dip 0.0-0.3 Rise and fall 0.3-0.6, 0.8-1.0 Peak 0.6-8.0 

BB+BB (fixed T; > = 71,148 eV), 7° = 64.4 for 65 df 
RP (km) 7.4 + 0.2 7.6 + 0.2 8.4+0.3 
RS (km) 0.61* Por 0.694093 0.807095 
BB+BB (T,, T> are fitted), y° = 53.7 for 59 df 
T? (eV) 66+6 67 +11 34430 
Re (km) 9.2#3a 8.4452 102455 
T} (eV) 184+2 130438 103%° 
Re (km) 0.357024 1.0440:45 3.0408 
GABSxBB model, v7? = 46.2 for 60 df 

T? (eV) 94 + 2 (tied) 
Rt (km) 4.3 + 0.1 (tied) 
E. (eV) 64648 6354 548 + 12 
o (eV) 137497 161422 3542 
T 0.92 + 0.14 0.58 + 0.10 0.80 + 0.57 
EW (eV) 234 + 34 192 + 24 54 + 20 


small number of photons collected, we could not 
reliably characterize the parameters of the low- 
energy absorption feature that is at the edge of the 
EPIC sensitivity range. 

As an alternative to the absorption feature sce- 
nario, we considered a pure continuum, BB+BB, 
model. We conclude that the absorption feature 
interpretation is strongly preferred over the hot- 
spot scenario (see supplementary materials). 

The more significant of the two spectral fea- 
tures has the central energy, E = 550 to 650 eV 
(see Table 1, bottom section), close to the cross- 
over energy for the hot and cold BB components 
in the pure continuum model. Therefore, because 
even a two-component model is likely to be an 
oversimplification (one can expect the NS sur- 
face temperature to be a smooth function of the 
magnetic colatitude), one could speculate that 
the remaining residuals could be reduced by in- 
creasing the level of complexity and introducing 
yet another BB component. However, this would 
still not account for the phase-dependent changes 
below ~0.3 keV. One could introduce yet another 
even cooler BB, but this emission would have to 
come from the bulk of the NS surface and hence 
should not depend on the rotation phase. There- 
fore, with the data in hand, the Occam’s razor 
strongly favors the spectral feature interpretation. 

So far, absorption features were seen only in 
the spectra of atypical, exotic isolated NSs. These 
features are expected to provide an important di- 
agnostic of the NS equation of state, atmospheric 
composition, and magnetic field strength (/3, /4). 
Various interpretations have been put forward. 
Among widely discussed options are (i) atomic 
transitions in the magnetized NS atmospheres or 
condensed surface layers (15, 16) and (11) cy- 
clotron absorption features produced either by 


electrons in the NS magnetosphere (/4, 17) or 
protons (or light ions) in a hot ionized layer near 
the NS surface (78). 

Can the explanations used for the absorp- 
tion features of exotic NSs be applied to the 
case of J1740+1000? The energy of the feature 
we fitted is ~ 0.5 to 0.7 keV, whereas the second, 
less significant feature is at 0.1 to 0.25 keV. These 
energies are too large for transitions in a mag- 
netized hydrogen atom in the B = 1.8 x 10° G 
surface field (/9). The energies possibly could 
match a transition to an excited state in hydrogen- 
like ions (2) for Z > 2. In this case, the detected 
spectral features would provide a direct probe of 
the composition and physical conditions of the 
surface layers [see, e.g., (20)]. 

Alternatively, the two features could be the 
fundamental and the first harmonic of the elec- 
tron cyclotron energy E.. = 11.6(B/ 10'? G) keV. 
However, in this case the absorbing (or scatter- 
ing) particles must be located in the magneto- 
sphere (2/), at several stellar radii above the NS 
surface in a much weaker magnetic field, B(r) = 
Beg(1 + 3cos"®g)'"(R/r)*, where R is the NS ra- 
dius and 3 is the magnetic colatitude. Such a 
screen would then be analogous to Earth’s van 
Allen belts. Such a scenario can also explain the 
phase dependence of the feature’s width and cen- 
tral energy, because the strength of the magnetic 
field and the density of the absorbing (scattering) 
screen should depend on the angle between the 
magnetic dipole axis and the observer’s line of 
sight. If the spectral features are indeed due to 
the cyclotron absorption in the magnetosphere, 
at least some regions of it must contain non- 
relativistic (or mildly relativistic) electrons or pos- 
itrons. The observed width of the 0.5 to 0.8 keV 
feature suggests that the mean velocity of these 


particles should not exceed 0.2 to 0.3 c. It is pos- 
sible that a population of “warm” electrons exists 
in the closed line zone forming radiation belts 
(21, 22). Because the orientations of the pulsar 
spin and magnetic axis with respect to the ob- 
server’s line of sight are not known, it is possible 
that the line of sight traverses some volume in the 
closed field line region of the magnetosphere at 
all rotation phases, i.e., some absorption is al- 
ways present. For the spin-down parameters 
of J1740+1000, equation 4 of (2) predicts op- 
tical depth of ~3 x 10-7 at E = 600 eV, assuming 
the Goldreich-Julian charge density. However, 
it is widely accepted that the actual charge den- 
sity in the pulsar magnetosphere must be larger 
due to pair production, and the multiplication 
coefficient of 200 to 300, required in our case, 
is comfortably below the typically discussed 
range of 10° to 10° [e.g., (23)]. Because it is not 
clear why heavy (Z > 2) elements would be ex- 
posed only in certain parts on the NS surface 
(thus leading to phase dependence), we currently 
prefer a magnetospheric interpretation of the ab- 
sorption features. 

There are three other middle-aged pulsars 
(Geminga, B0656+14, and B1055-52) that are 
similarly nearby, bright, and have low interstel- 
lar absorption. The spectra of these pulsars show 
considerable variability with pulse phase, which 
has been commonly attributed to the changing 
view of the nonuniformly heated NS surface (/2). 
However, even with allowance for such variabil- 
ity, noticeable phase-dependent residuals (24) in 
the spectral fits are yet to be explained. The spec- 
tral features found for J1740+1000 suggest that 
the systematic residuals for other pulsars may 
be better explained by a model with absorption 
feature(s). Indeed, there is strong evidence that 
the lines seen in XDINSs and/or CCOs also show 
strong phase dependence (25, 26). The depen- 
dence of absorption feature properties on pulsar 
characteristics can tell us about the physical ori- 
gin of the features. For example, in the cyclotron 
scenario, the energies of the lines are expected to 
correlate with the magnetic field strength and pos- 
sibly with the size of the magnetosphere. Atomic 
features would depend upon the pulsar surface 
density, temperature, and composition (as is seen 
in white dwarfs, for example). 
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A 200-Second Quasi-Periodicity After 
the Tidal Disruption of a Star by a 
Dormant Black Hole 


R. C. Reis,?* J. M. Miller,7 M. T. Reynolds,” K. Giiltekin,? D. Maitra,* 


A. L. King,” T. E. Strohmayer? 


Supermassive black holes (SMBHs; mass is greater than or approximately 10° times that of the 
Sun) are known to exist at the center of most galaxies with sufficient stellar mass. In the 

local universe, it is possible to infer their properties from the surrounding stars or gas. However, 
at high redshifts we require active, continuous accretion to infer the presence of the SMBHs, 
which often comes in the form of long-term accretion in active galactic nuclei. SMBHs can also 
capture and tidally disrupt stars orbiting nearby, resulting in bright flares from otherwise 
quiescent black holes. Here, we report on a ~200-second x-ray quasi-periodicity around a 
previously dormant SMBH located in the center of a galaxy at redshift z = 0.3534. This result 
may open the possibility of probing general relativity beyond our local universe. 


idal disruption of stars as a means to fuel 
| active supermassive black holes (SMBHs) 
was originally proposed in 1975 (/), but it 
was not until more than a decade later that the 
possibility of using the expected electromagnetic 
flares to study nonactive SMBHs was proposed 
(2). Since then, various candidate tidal disruption 
flares (TDFs) have been identified on the basis of 
luminous flares observed from optical to x-rays 
(3-7), but it is only in recent years that such 
objects have been confirmed through the obser- 
vation of relativistic flares (8-12). 

Swift J164449.3+573451 (hereafter Sw 
J1644+57) was detected (8) by the Swift Burst Alert 
Telescope (BAT, 15 to 150 keV) on 28 March 2011 
as it reached x-ray luminosities of 210** erg s |. 
Prompt, multi-wavelength observations spanning 
from radio to y-rays (9, //) confirmed the posi- 
tion of the source to be coincidental with the nu- 
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cleus of an inactive galaxy and showed the presence 
of rapid time variability (~10° s) at high energies 
(8, 10), which is indicative of a highly compact 
source of emission [~30 million km or ~0.2 astro- 
nomical units (AUs)]. Furthermore, the detection 
of a relativistic and highly collimated radio jet, for 
the first time associated with a TDF (/0, //), makes 
Sw J1644+57 analogous to a small-scale blazar 
(0). After the identification of this source as a 
tidal disruption candidate (TDC), we initiated a 
series of 12 biweekly observations with the large 
x-ray satellite XMM-Newton, starting ~19 days af- 
ter the BAT trigger (Fig. 1), together with a fur- 
ther Suzaku pointing ~10 days earlier (/3). The 
long-term evolution in the x-ray (0.2 to 10 keV; 
observed frame) luminosity followed roughly the 
expected rate of mass return to the black hole 
[c< £3 for TDFs (2)], and the short-term, rapid 
variability was also apparent. 

We produced light curves for all observations 
of Sw J1644+57 over the 0.2-to-10.0-keV energy 
band and Fourier transformed these in order to 
obtain various power density spectra. A least-squares 
fits to the soft energy band (<2 keV) power spectrum 
for the Suzaku observation is consistent with a 


band-limited (red) noise component, described 
by a ~ -1.8 power-law plus Poisson (white) 
noise (fig. S1 and table S1). However, the 2-to- 
10-keV power spectra of both the Suzaku and 
first XMM-Newton observations (hereafter XMM 
#1) displayed a potential Quasi-Periodic Oscillation 
(QPO) component near 5 mHz (Fig. 2). This fea- 
ture has a centroid frequency (v) of ~4.8 mHz 
and frequency width (full-width at half-maximum) 
Of SVewaku < 0.4 mHz and dvymm = 0.3 mHz 
[quality factor (Q) = v/Sv = 12 and ~15 for Suzaku 
and XMM #1, respectively). The fractional root- 
mean-square (RMS) variability in the QPO is 
>2.8% and ~4% for Suzaku and XMM #1, re- 
spectively (fig. S2). 

Assuming the signal is on top of a purely 
Poisson-noise time series, the limit on the RMS 
variability found here results (/4) in a single-trial 
significance in the Gaussian limit of 3.80 for 
Suzaku and 2.26 for XMM #1. However, in 
order to rigorously quantify the strength of the 
signal outside of the Gaussian regime and fully 
account for the presence of missing and un- 
equally spaced data (Fig. 1), we conducted Monte 
Carlo simulations. The method we adopted is 
based on well-established procedures in timing 
studies of compact objects (/4—/6). A series of 
50,000 light curves with the same average 
intensity, SD, and number of bins as the original 
data were produced, and the noise power 
distribution was found at all Fourier frequencies 
and compared with the real observations (fig. 
S4). In this manner, we found that the chance that 
the individual detections at ~5 mHz are due to 
random noise to be Praiseisuzaku = 1.4 10 * and 
Pratselxmm < 5 * 10“ for Suzaku and XMM #1, 
respectively (fig. S7). After correcting for the 
initial “blind-search” of the Suzaku data and 
accounting for the fact that the QPO was detected 
in two independent observations, with different 
telescopes, the probability of two chance 3o detec- 
tions arising from random noise alone was found 
to be 1.52 x 10 *. The observed quasi-periodic sig- 
nal at ~5 mHz in Sw J1644+57 is statistically 
highly significant (4.330, assuming Gaussianity in 
the probability). 
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QPOs are regularly seen in stellar-mass black 
holes. Recently, QPOs have also been observed 
in a single active galactic nucleus (/7), and in a 
couple of potential intermediate-mass black holes 
[~10° solar mass (Mz)] (18, 19). Despite the lack 
of a specific physical explanation, most models 
(20-24) strongly link the origin of QPOs with 
orbits and/or resonances in the inner accretion 
disc close to the black hole. The detection of a 
QPO ~10 days after Sw J1644+57 became active 
requires that an accretion disc was formed shortly 
after the start of the initial TDF. The characteristic 
time (2, 25), ta, it takes for material from the 
disrupted star to fall back toward the black hole in 
Sw J1644+57 from a pericenter distance of R, ~ 
13(Mpy/10° Mo) °°Rs C1) (where Mey is the 
mass of the black hole and the Schwarzschild 
radius Rg = 2GMlc’) is te = 1 day. This is 
consistent with the formation of an accretion disc 
due to stream-stream collision (2) after a small 
multiple of the t,. The Keplerian frequency at 
the radius of the innermost stable circular or- 
bit (ISCO = 0.5 — 3Rs, depending on whether 
the black hole is spinning or not), just short of 
the black hole’s event horizon, is generally the 
highest characteristic variability frequency. If 
the 5-mHz QPO centroid frequency is set by 
orbits at the ISCO, it would imply a black hole 
mass between ~4.5 x 10° and 5 x 10° Mg fora 


nonrotating and maximally rotating black hole, 
respectively. This is in line with predictions based 
on simultaneous x-ray and radio observations 
(~3.2 x 10° Mo) (26) as well as the upper limit 
imposed by the M-L relation (<2 x 10’ Mo) 
(8, 10). Keplerian frequencies at the ISCO scale 
inversely with black hole mass; assuming an 
~1 x 10° Mg black hole, the ~5 mHz QPO would 
correspond to a frequency of ~500 Hz around an 
~10° Mg black hole. This is remarkably similar 
to the 450-Hz oscillation found for GRO J1655- 
40 (27). Our results thus confirm a fundamental 
aspect of disc/disruption theory (2) and highlights 
the scale invariant nature (28—3/) of the under- 
lying physics governing the accretion flow onto 
supermassive (~10° to 10° Mg) and stellar-mass 
(~10 M,) black holes, several of which have dis- 
played similar x-ray periodicities (32). 
Moreover, the Eddington limit for this black 
hole is <6 x 10“ erg s ', making the peak lumi- 
nosity in which the QPO is observed highly 
super-Eddington (Fig. 1). Thus, quasi-periodicities 
should be preserved in not only mildly super- 
Eddington accretion flows, as is the case for the 
only other supermassive black hole RE J1034+396 
(1/7, 33) showing a QPO, and the stellar-mass 
black hole GRS 1915+105 (34), but also in poten- 
tially highly beamed, anisotropic sources. Recent 
numerical simulations have began to examine the 
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Fig. 1. XMM-Newton and Suzaku light curve of Sw J1644+57 together with the SWIFT-XRT 0.3-to-10-keV 
light curve for reference (gray) (37, 38). For 12 XMM-Newton observations (XMM #1 to 12), we extracted 
0.2- to 10-keV source and background light curves from the Epic-PN camera, using 40—arc sec circular 
regions. After accounting for the flaring background, a substantial fraction of the data in XMM #2, 3, and 
12 had to be excluded. For Suzaku, we used a box region of 250—arc sec to extract the source light-curve 
from the two front-illuminated cameras and 150—arc sec for the background. Every observation had a 
background level less than ~5% of the total flux. For each observation, we created an energy spectrum to 
which we fitted a model consisting of an absorbed power-law and used this to obtain a conversion factor 
between the count-rate and fluxes in physical units. The average flux levels in each observation are shown in 
real time in the main axis (stars, where the 1-SD error bars are smaller than the symbol size), and the inset 
compares each observation with data points binned in 32-s intervals. The vertical lines separate the various 
observations. The right-hand axis gives the conversion to luminosity of the source assuming isotropic 
radiation, and the dashed curve shows a f->” relation, with t being the time since 28 March 2011. 


role of relativistic jets in the production of QPOs 
(24, 35); however, even in this scenario, it is the 
connection between the accretion disk and the 
base of the jet that give rise to the quasi-periodic 
signal. 

Although we have drawn from a rich liter- 
ature that has ensured a high standard of robust 
techniques, there is still the concern that other 
uncertainties in the theoretical framework of ac- 
cretion flows could be at play and result in un- 
accounted systematic errors in the absolute noise 
model around black holes. Noise may not be 
purely white, purely red, or a simple combination 
of the two, resulting in a smooth, featureless 
continuum. Indeed, general relativistic, magne- 
tohydrodynamic simulations of the accretion flow 
onto a Schwarzschild black hole show possible 
high-frequency quasi-periodic features that can 
be identified with properties of the turbulent flow 
(36). If this turns out to be the general case, QPOs 
similar to the one detected here would still be 
highly useful in determining the physics of the 
accretion flow but might not be trivially related 
to the fundamental properties of the black hole, 
mass and spin. 
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Fig. 2. (A) Power spectra for Suzaku and (B) for 
XMM #1, in the 2- to 10-keV energy range. The 
power spectra are normalized so that their integral 
gives the squared RMS fractional variability. The 
Poisson noise level expected from the data errors is 
shown as the dashed horizontal line. We checked 
that the peak is robust to a variety of frequency 
and time resolutions. The arrow in both panels 
mark the presence of a QPO with a centroid fre- 
quency of V.uaku ~ 4.8 mHz. The solid curves en- 
close the range of the best fit to the underlying 
continuum as described in table $1 (model 2). The 
dotted curves show the 99.99 and 99.73% (30) 
threshold for significant detection. 
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Design of Stable Nanocrystalline Alloys 


Tongjai Chookajorn, Heather A. Murdoch, Christopher A. Schuh* 


Nanostructured metals are generally unstable; their grains grow rapidly even at low temperatures, 
rendering them difficult to process and often unsuitable for usage. Alloying has been found to 
improve stability, but only in a few empirically discovered systems. We have developed a theoretical 
framework with which stable nanostructured alloys can be designed. A nanostructure stability map based 
on a thermodynamic model is applied to design stable nanostructured tungsten alloys. We identify 

a candidate alloy, W-Ti, and demonstrate substantially enhanced stability for the high-temperature, 
long-duration conditions amenable to powder-route production of bulk nanostructured tungsten. This 
nanostructured alloy adopts a heterogeneous chemical distribution that is anticipated by the present 
theoretical framework but unexpected on the basis of conventional bulk thermodynamics. 


hen the grain, or crystallite, size in a poly- 
crystal is reduced below about 100 nm, 
grain boundary or interface physics begin 


Fig. 1. The nanostructure stability map for tungsten- 
based alloys at 1100°C, calculated on the basis of 
variation of the enthalpy parameters in Eq. 2 (A). For 
each combination of parameters, the free energy of 
nanocrystalline structures is compared to that of the 
bulk regular solution (for details of the comparison, 
see figs. $1 and S2). An example case for the nano- 
crystalline stable region is presented in (B) for a specific 
alloy of W-Sc. The free energy of the nanostructured 
phases is below that of the regular solution common 
tangent (dashed line). In (C), a bulk stable case where 
the nanostructured phases fall above the common 
tangent line is shown; the W-Ag system will then 
prefer to phase separate at bulk scales as dictated by 
the bulk regular solution thermodynamics. Particular 
binary tungsten alloys are placed on the map after 
calculating their enthalpies of mixing and segre- 
gation; for W-Ti, the typical ranges of uncertainty of 
these calculations are shown. (For details of this 
calculation, see tables $1 and S2.) 


to dominate over conventional crystal physics 
(/-4). A variety of interesting and useful properties 
emerge in such nanostructured materials (5—/0), 
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but their large volume fraction of grain boundaries 
also comes with an inherent instability. Many nano- 
crystalline materials of interest for both funda- 
mental study and engineering application are now 
recognized as substantially out of equilibrium and 
undergo rapid evolution to coarser structures even 
at modest temperatures (//). Such coarsening 
tendencies impede the use of these materials at 
elevated temperatures, as well as the development 
of scalable processing routes, which would com- 
monly involve at least one substantial thermal 
excursion, for example, to sinter processed powders 
into a dense nanocrystalline compact. 
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Over the past few years, attention has shifted 
to the problem of stabilizing nanocrystalline struc- 
tures by alloying. Whereas one approach to the 
problem is a classical kinetic strategy, that is, in- 
cluding alloying elements to slow grain growth, 
there is increasing interest in the notion of gen- 
uine thermodynamic stabilization of grain bound- 
aries (12-18). In analogy to microemulsions, in 
which the addition of surfactant is used to sta- 
bilize interfacial area (79), the concept of ther- 
modynamic nanostructure stabilization is to add 
to a polycrystal an alloying element (solute) se- 
lected for its preference to occupy grain bound- 
ary sites vis-a-vis those in the crystal interiors to 
relieve the energy penalty of the interfaces. The 
grain boundary energy, y, is lowered from that 
of a pure material, yo, through such segregation, 
which in a simplified and linearized view can be 
written (/2) 


¥ =o —F(AH™ + kTInX) = (1) 


where the specific solute excess at the bound- 
ary, I, lowers the enthalpy by AH*, the en- 
thalpy of segregation, and raises the entropy via 
k71nX, with kT the thermal energy and X the 
composition. 

A few systems, both simulated and experi- 
mental, have provided evidence that this thermo- 
dynamic approach can suppress grain growth and 
stabilize nanostructured polycrystals (16, 20-28). 
Some authors have provided guidelines for esti- 
mating the grain boundary segregation strength 
given a base element by identifying preferred 
features of the solute, for example, atomic size 
mismatch with the solvent (/6) or low bulk solid 
solubility (23, 24), both of which are presumed 
to correlate with a higher tendency for solute re- 
jection into grain boundaries. By and large, these 
approaches amount to semi-empirical preferences 
for alloy systems that might exhibit grain bound- 
ary segregation and do not generally speak to 
true thermodynamic stability of nanostructures, 
which requires consideration of the relative sta- 
bility of nanostructured phases to competing bulk 
phases. For example, existing approaches often 
suggest systems that experience other proble- 
matic structural instabilities beyond just normal 
grain growth, that is, abnormal grain growth or 
phase decomposition (2/—24). We advance a ther- 
modynamic model, with which nanostructure sta- 
bility maps can be generated and used as a design 
tool. One newly predicted system, namely W with 
a minority addition of Ti, is evaluated and demon- 
strates stability at a length scale of around 20 nm 
over long durations at elevated temperatures. 

To assess the efficacy of solutes in stabiliz- 
ing nanostructures, we describe the mixing free 
energy of a nanostructured binary system with 
separate energetic interactions in grain and in- 
tergranular regions. The two regions are not treated 
as separate phases, per se, but are geometrical- 
ly connected to one another such that a reduc- 
tion in grain size, d, causes an increase in the 
grain boundary volume fraction, f,p, which fol- 


lows the scaling fay = 1-(4 7 ‘3, where ¢ is the 
mean grain boundary thickness and d > ¢. The 
model, presented in a preliminary form by Trelewicz 
and Schuh (29), reduces to a classical regular 
solution model in the limit of infinite grain size 
and also reproduces a grain boundary energy 
expression like that of Eq. 1 in the proper limit. 
The model thus essentially provides the form of 
Gibbs free energy surfaces for mixing, AG™*, 
as a function of both /,, and_X as 


AG™ = (1 — feo)AGE™ + fpAGH* + 
2Vfab(Xeb — Xe) |X ~ 1)@g» — 
1 
Fay - 2%y)] (2) 
Zi 


where the subscripts denote the two regions, 
crystal (c) and grain boundary (gb), and the 
superscripts denote the two alloy components, 
A (solvent) and B (solute). The symbol AG™* 
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denotes the Gibbs free energy for a regular so- 
lution model, written for the subscripted com- 
ponents: The first two terms in the equation thus 
amount to a weighted average of two regular 
solutions, one for the crystals and one for the grain 
boundary regions. The additional terms are 
associated with the geometrical way in which 
those two regions interact. The bond energies are 
collected in the usual way into an interaction pa- 
rameter, w, of which there are two (crystal and 
grain boundary); additional terms include the 
coordination number, z; transition bond fraction, 
v; and atomic volume, Q. The most important 
point about this model is that it describes a free 
energy surface in composition—grain size space. 
We are interested in finding alloys where there 
are global minima in such a surface, that is, where 
there is a thermodynamically preferred grain size 
dictated by the grain boundary segregation state 
at a given composition. 

For the purposes of developing a design ap- 
proach, it is useful to focus on two key thermo- 


As-Milled Structure 


Fig. 2. Pre- and postannealing grain structures of tungsten powders after one week at 1100°C. (A) The 
grain size histograms reveal only a minor change in the W—20 atomic % Ti alloy after prolonged annealing 
and an almost two-orders-of-magnitude coarsening in unalloyed W. (B) The bright-field transmission 
electron microscopy (TEM) image shows a uniform distribution of nanometer-sized grains in the as-milled 
structure of the W-20 atomic % Ti alloy, with the dark-field TEM image (inset) showing different dif- 
fracting crystallites. The postannealing structures vary with alloying: (C) a coarsened grain structure in 
unalloyed W, presented in a focused ion beam image, and (D) a retained nanocrystalline structure in 
W-20 atomic % Ti, shown in a bright-field TEM image with a dark-field TEM (inset). 
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dynamic parameters, which together contain all 
of the most relevant physics of the problem: 
the enthalpy of mixing in the crystalline state, 
AH™* = z@,.X(1 —X), to represent the grain 
interior and the dilute-limit enthalpy of segrega- 


m , QByB — QA yA 
tion, AH**€ = zo. - 2 - ( ts iF to 


2zt 


capture the thermodynamics of the grain bound- 
ary environment, which incorporates chemical 
interactions, elastic mismatch, and the mismatch 
in interfacial energies. These two parameters form 
the axes of a nanostructure stability map, as shown 
in Fig. 1A. By fixing other quantities (most no- 
tably temperature), we can iterate the values of 
these two parameters over physically plausible 
ranges and calculate the shape of the free energy 
surface given by Eq. 2. We identify the global 
minima that correspond to nanocrystalline grain 
sizes with a particular grain boundary segrega- 
tion profile. These minima are then compared to 
the energies of other possible bulk states. Com- 
binations of parameters that have stable nano- 
crystalline states are marked by green points; 
those without, red x’s. The conditions under which 
a nanocrystalline system would be stable or not 
are thus demarcated by the green and red re- 
gions of Fig. 1A. 

Examples of how nanocrystalline states are 
evaluated for stability with respect to bulk struc- 
tures are shown in Fig. 1, B and C, for condi- 
tions in which the nanocrystalline structure is 
stable and unstable, respectively. In these panels, 
the blue curves represent local cuts of the free 
energy surface of Eq. 2 and the lowest energy 
state available for particular nanocrystalline grain 
sizes and segregation states. There are many such 


, 400 nm , 


states across a range of composition, as reflected 
by the multiple distinct curves shown in the pan- 
els. The black curves are the bulk regular solu- 
tion; the systems shown exhibit a miscibility gap 
denoted by the common-tangent dashed lines be- 
cause they have positive AH™”. The difference 
between Fig. 1B and Fig. 1C lies in the position 
of the nanostructure free energy curves with re- 
spect to the bulk phase separation common- 
tangent line. In Fig. 1B, the nanostructured states 
are stable, that is, have lower Gibbs free energy, 
than the competing bulk-phase separated state. In 
Fig. 1C, there are nanostructured states that could 
exist, but these are less stable than bulk-phase 
separation. The difference between the two sys- 
tems in Fig. 1, B and C, is fundamental, and we 
specifically seek to identify alloys that fall into 
the first category rather than the second. 

To demonstrate the utility of the map in Fig. 
1A, we consider one problem in nanostructured 
alloy design, namely the development of nano- 
crystalline tungsten, which is of interest for its 
anticipated high strength and unique capacity 
for shear localization (30, 37) but which has 
proven challenging to produce in bulk form be- 
cause of its extremely high melting (and there- 
fore processing) temperature. The finest grain 
sizes reported in a bulk tungsten material are 
about 40 nm, and this required a complex pro- 
cessing route involving multiple severe defor- 
mation steps (32). In principle, tungsten could 
be made in bulk form through a powder route, 
but the requirement of high-temperature sinter- 
ing is usually a debilitating roadblock to such 
routes because of nanostructure coarsening; tung- 
sten can generally only be sintered at temper- 


W, Ti 


Fig. 3. Chemical analysis of the annealed W—20 
atomic % Ti alloy. (A) Scanning TEM imaging 
shows the darker contrast from a heavier element 
and the brighter contrast from a lighter element. 
(B) The W-Ti elemental map confirms a nano- 
scale heterogeneous structure instead of a more 
homogeneous solute distribution expected from 
bulk thermodynamics. (C) The Ti compositional 
line scan across the three larger W-rich regions 
indicated by the yellow line in (A) further 
illustrates Ti atoms being depleted at the W-rich 
grain centers. The entire volume is apparently a 
polycrystalline BCC structure, although with nano- 
scale composition gradients. 
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atures above about 1050°C even with sintering 
aids (33, 34). 

We used Eq. 2 and Fig. 1A to develop a sta- 
ble nanostructured W alloy by first placing par- 
ticular alloying elements for W on the map. This 
requires estimates of both AH™* and AH*® for 
each possible binary system. We have calculated 
these quantities and populated Fig. 1A with all 
of the alloys (35) that exhibit positive AW™* 
with W and for which reliable data are available 
(values listed in table $1, with more details on 
the calculations provided in the supplementary 
materials). There is, of course, some uncertainty 
in all of these estimates, generally of the magni- 
tude illustrated for one of the represented alloys, 
W-Ti, on the map. 

Figure 1A identifies a variety of candidate 
stable nanostructured materials that lie in the 
green region. Closer consideration reveals some 
unexpected predictions. For example, the likeli- 
hood of nanostructure stability has often been 
estimated by solute segregation strength based 
on atomic size mismatch and/or solubility. How- 
ever, in the present system, the solute with the 
highest size difference listed in table S1 (Sr, ~55% 
mismatch with W) and those with the lowest 
solubility (Ag and Cu, essentially zero solubil- 
ity) lie decidedly in the red bulk stable region in 
Fig. 1A. Also counterintuitively, the element with 
the lowest value of AH* in the set, Ti, is actual- 
ly one of the most suitable candidates, being 
safely within the nanocrystalline stable region. In 
fact, Ti would be counterindicated by conven- 
tional approaches, which would seek low bulk 
solubility [Ti has extremely high solubility in W 
of 48 atomic % at 1100°C (36)] and high atomic 
size mismatch (Ti has a low-to-moderate mis- 
match with W of only ~6%). 

On the basis of these results, we produced a 
W-20 atomic % Ti alloy with an average grain 
size around 20 nm (Fig. 2B) by high-energy ball 
milling (35); the output of this process is mi- 
croscale powders, where each particle comprises 
many nanocrystalline grains. As a control, we 
also produced unalloyed nanocrystalline W with 
about the same grain size through the same pro- 
cess. The powders were then equilibrated at 
1100°C in an argon atmosphere for one week; 
at this temperature, the dominant diffusion path- 
way is intergranular, and the mean diffusion 
distance is several micrometers, which is thou- 
sands of times greater than the grain size. Pre- 
and postannealing structures were characterized 
to explore the stability of the nanostructure, and 
Fig. 2 shows the most important results of such 
characterizations. 

After one week at 1100°C, the unalloyed 
nanocrystalline W exhibits the typical instability 
of such materials, with grain coarsening to the 
micrometer scale, as shown in Fig. 2C. On the 
other hand, the W—20 atomic % Ti alloy retains 
a uniform nanostructure with a nominally un- 
changed average grain size of about 20 nm. This 
stability can be seen visually in Fig. 2D and 
quantitatively in the grain size distributions of 
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Fig. 2A. With Ti present, the system adopts a 
complex alloy configuration where Ti and W are 
heterogeneously distributed on the nanoscale as a 
polycrystalline body-centered cubic (BCC) struc- 
ture, with no signatures of any amorphous con- 
tent. This heterogeneous distribution is illustrated 
by the chemical arrangement in the equilibrated 
alloy in Fig. 3, with Fig. 3A showing the atomic 
contrast between W and Ti and Fig. 3B show- 
ing a local chemical map based on energy dis- 
persive spectroscopy (35). A compositional line 
scan in Fig. 3C reveals the magnitude of the Ti 
composition ranging from near 0 atomic % to 
about 50 atomic %. 

The nanoscale chemical distribution seen 
in Fig. 3 is not expected for a bulk equilibrium 
alloy, where Ti is soluble to 48 atomic % in W 
at the equilibration temperature, and a homoge- 
neous chemical distribution should be observed. 
This solute distribution is a consequence of the 
nanostructure: The high volume fraction of grain 
boundaries creates different chemical configu- 
rations, and a lower energy state results from the 
heterogeneous solute distribution. In a nanoscale 
structure, a heterogeneous solute distribution is 
explicitly expected from Eq. 2. 

From a technological standpoint, the results 
in Figs. 2 and 3 suggest that nanocrystalline tung- 
sten can, in principle, be made sufficiently stable 
to survive a typical consolidation thermal cycle. 
Given the exceptionally high strength of nano- 
crystalline BCC metals (37) and the unusual 
secondary properties (such as shear localization) 


that emerge at these grain sizes, the present 
results may speak to a new family of engineer- 
ing tungsten alloys. At the same time, our ex- 
perimental work on W-Ti is simply an example 
of a single alloy design exercise; the above ap- 
proach may be applied again to a number of 
different base metals. 
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Stepwise Evolution of Spherical Seeds 
into 20-Fold Twinned Icosahedra 


Mark R. Langille,? Jian Zhang,? Michelle L. Personick,? Shuyou Li,? Chad A. Mirkin?2* 


Understanding the factors that influence the growth and final shape of noble metal nanostructures 
is important for controlling their properties. However, relative to their single-crystalline counterparts, 
the growth of nanoparticles that contain twin defects can be difficult to control because multiple 
competitive growth pathways can yield such structures. We used spherical, cubic, and octahedral 
single-crystalline gold nanoparticles as dual electron microscopy labels and plasmonic seeds to 
track the growth of multiply twinned silver nanostructures. As the bimetallic nanostructures grew, 
they successively developed twin planes to ultimately form multiply twinned nanoparticles from 
single-crystalline seeds. Collectively, these data demonstrate how a series of nanoparticles of 
different shapes and internal crystal structures are interrelated and develop from one another. 


omplicated reaction pathways and trans- 
formations can be studied in molecular 
materials by distinctly labeling starting 
materials and monitoring their evolution over 
time with techniques such as fluorescence and iso- 
topic labeling. A comparable strategy for moni- 
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toring nanoparticle growth is to use a nanoparticle 
of one material (e.g., Au) as both a seed and an 
electron microscopy label to follow the growth 
of a second material type (e.g., Ag). (7) This 
method has provided insight into the role of 
particular reaction conditions in controlling nano- 
particle growth (/, 2). In the synthesis of noble 
metal nanoparticles, there is often a wide variety of 
conditions that can lead to different growth pro- 
cesses and create markedly different nanoparticle 
shapes (3). We report a method for following the 
growth of a nanoparticle from a single-crystalline, 


pseudo-spherical Au seed into a bimetallic Ag-Au 
icosahedron structure. We have identified eight 
intermediate structures formed along the way, as 
well as some of the key factors that control each 
of the stepwise growth processes. 

In the case of defect-free or single-crystalline 
noble metal nanoparticles, shape control can be 
achieved by directing the deposition preference 
onto specific crystallographic facets through the 
use of additives or capping agents (3-8). How- 
ever, nanoparticle growth can be more difficult to 
control when multiply twinned structures such as 
decahedra and icosahedra are involved because 
these structures can grow from multiple com- 
petitive growth pathways (3, 9/2). Unlike their 
single-crystalline counterparts, twinned particles 
can grow from either twinned or single-crystalline 
seeds. One pathway involves the nucleation of a 
twinned nanoparticle seed and its subsequent 
growth in a layer-by-layer fashion (3). Alter- 
natively, a single-crystalline nanoparticle seed 
can develop twin defects during its growth (or 
through a coalescence/fusion mechanism) to 
yield a twinned structure (/4, /5). Understand- 
ing from which of these pathways twinned 
nanoparticles develop is important for control- 
ling reaction conditions so as to selectively 
enhance or suppress their growth. 

Electron microscopy provides a way of 
monitoring certain aspects of particle growth, 
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and a number of studies have even been able to 
track individual nanoparticle growth in real time 
(14, 16-18). However, studies to date typically 
do not allow one to track what is happening 
to individual particles as a function of growth 
conditions (/9), or if they do, the solution con- 
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ditions in which they can be studied are quite 
limited (14, 16-18). 

In prior work (/), we showed that gold 
nanoparticles can be used as plasmonic seeds 
to grow silver shells and ultimately form bi- 
metallic triangular prisms in a plasmon-mediated 
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Fig. 1. Models and representative STEM images depicting the proposed growth pathway of a single- 
crystalline seed in this plasmon-mediated reaction. (A) STEM image of the pseudo-spherical single- 
crystalline Au seeds. (B to J) STEM images of bimetallic particles with (B) octahedral, (C) truncated 
tetrahedral, (D) tetrahedral, (E) truncated bitetrahedral, (F) bitetrahedral, (G) truncated decahedral, (H) 
decahedral, (I) decahedral with an additional tetrahedral growth, and (J) icosahedral morphologies, which 
were all observed as products of the same reaction. Scale bars, 25 nm. See fig. S7 for models of a more 


detailed growth scheme from (I) to (J) (24). 


Fig. 2. (A and B) High-magnification TEM (A) and HRTEM (B) images of a truncated bitetrahedron. Scale 
bars, 20 nm (A), 5 nm (B). (C) Fourier transform (FT) of each of the regions (a to c) indicated in the HRTEM 
image on the left. Scale bar, 5 nm. Region a encompasses all sections of the particle and exhibits multiple 
sets of spots, indicating the existence of multiple crystals. Region b is a FT of the Au seed and shows a 
single set of spots, confirming that the seed is single-crystalline. Region c is on the opposite side of the 
twin plane from the gold seed, and thus has a different FT pattern. 


synthesis (20-23). In the transmission electron 
microscopy (TEM) images of such structures, we 
differentiated the spherical gold cores from the 
triangular prism silver shells according to their 
difference in electron-scattering efficiencies. We 
hypothesized that such plasmonic labels would 
be ideal for monitoring the stepwise transfor- 
mation of gold nanoparticle seeds into a series 
of more complicated bimetallic nanoparticles 
that differ in shape and internal structure. In a typical 
experiment, pseudo-spherical Au nanoparticles 
(diameter ~25 nm) were used as dual plasmonic 
seeds and TEM labels (Fig. 1A) to grow bi- 
metallic nanoparticles with Au cores and Ag 
shells. A growth solution was prepared by adding 
AgNOs, sodium citrate, bis-( p-sulfonatophenyl)- 
phenylphosphine dihydrate potassium salt (BSPP), 
and an aliquot of the Au seeds to an aqueous 
solution. The light-induced reaction was initiated 
by irradiating the growth solution for 12 hours 
with a 150-W halogen lamp using a bandpass 
filter centered at 550 + 20 nm, commensurate with 
the optical absorbance of the seed particles 
(22, 24). 

Characterization of the reaction products by 
scanning transmission electron microscopy (STEM) 
showed that a variety of different nanoparticle 
shapes were produced in the same reaction, such 
as bitetrahedra, decahedra, and icosahedra (Fig. 
1 and fig. S1) (24). These particular {111}-faceted 
particle shapes are all related in that they consist 
of 2, 5, and 20 tetrahedral subunits, respectively, 
separated by twin boundaries (/0). Note that the 
presence of twin planes is assumed on the basis 
of particle shape and confirmed by high-resolution 
TEM (HRTEM) (figs. S2 and $3) (/0, 24). In each 
particle, an Au nanoparticle label appears in 
brighter contrast than the surrounding Ag shell. 
This interpretation of the STEM contrast was 
confirmed by energy-dispersive x-ray spectros- 
copy (EDX; fig. S4) (24). In all cases, the Au 
nanoparticle labels were located within a single 
tetrahedral subunit of each structure (figs. SS and 
S6) (24). These data reveal that all of the observed 
particle shapes can indeed grow from a single- 
crystalline nanoparticle seed (Fig. 2 and fig. S2) 
and show that in this synthetic system, multiply 
twinned particles grow by a process of successive 
twinning (24). However, the relation between 
these different bimetallic products remains un- 
clear in this experiment. 

To probe suspected shape transformations that 
occur as a single-crystalline seed develops into an 
icosahedron, we studied the effects of initiating 
the reaction with gold seeds having well-defined 
shapes. Because all of the particles produced in 
this reaction were bound by {111} surface faces, 
we chose to study the growth process starting 
with cubic Au seeds (edge length ~5S0 nm) that 
are bound by {100} surface facets (fig. S8A) 
(24). In this way, we studied the transformation 
of such seeds into {111}-faceted structures. In a 
typical experiment, a solution of the cubes was 
irradiated at 550 nm (a wavelength that excited 
the dipole plasmon resonance of the cubes) and 
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Ag from the growth solution was then deposited 
onto the seed structures. These conditions are 
identical to those used for the pseudo-spherical 
seeds described above, which are bound by a 
mixture of {111}, {100}, and/or {110} facets (3). 
The majority of the structures produced from the 
well-defined Au cubic seeds were bimetallic 
octahedra, as confirmed by TEM and EDX (Fig. 
3). The shape transformation of an Au cube into a 
bimetallic octahedron occurred by the preferential 
deposition of Ag onto the {100} facets of the cube 
until the structure was fully transformed into a 
{111}-faceted octahedron. In the case of the 
pseudo-spherical seeds, octahedra also formed, 
but the bimetallic structures observed (Fig. 1B) 
were smaller than those produced from the gold 
cubes. Indeed, the size of the seed dictated the 
size of the resulting octahedron; the reason for 
this observation is that the transformation of 
seeds with less stable surface facets into octahe- 
dra with more stable {111} surface facets was 
rapid relative to further growth of octahedra into 
larger octahedral structures. Thus, the initial sil- 
ver ions in the reaction were rapidly consumed 
to effect the seed-to-octahedron transformation. 
We observed some particles with Au cubic cores 
and both truncated and fully developed tetrahe- 
dral Ag shells (fig. S9), indicating that these 
structures underwent additional shape transfor- 
mations after developing into octahedra, analo- 
gous to the particle shapes observed in Fig. 1, C 
and D (24). This data set provides a way of 
studying the first steps in Fig. 1 (A-to-B, A-to-C, 
and A-to-D) by starting from a seed with 
relatively well-defined surface facets. 

To further study the subsequent growth steps 
in the transformation of pseudo-spherical seeds 
into icosahedra, we synthesized Au octahedra 
(edge length ~50 nm; fig. S8B) and used them 
as plasmonic seeds to grow bimetallic structures 
under the same experimental conditions as de- 
scribed above (24). The majority of the structures 
produced from the Au octahedral seeds were either 
truncated or fully developed bimetallic tetrahedra 
(Fig. 4), consistent with the B-to-C-to-D trans- 
formation in Fig. 1. EDX was again used to 
confirm the metallic distribution of these nano- 
particles with Au cores and Ag shells (Fig. 4, E 
to G). 

The shape transformation of a {111}-faceted 
octahedron into a {111}-faceted tetrahedron was 
unexpected because it requires the asymmetric 
growth of the octahedron while maintaining the 
same surface facets. Additionally, the growth of 
fully developed tetrahedra is atypical because 
both fully developed and corner-truncated tetra- 
hedra expose {111} surface facets, which pro- 
vides little driving force for the growth of the 
fourth tip (25, 26). We hypothesized that the for- 
mation of the tetrahedra was a result of twinning, 
which is often a consequence of plasmon-mediated 
syntheses (20, 21, 27, 28). We propose that as 
an octahedron grows in size, a twin plane de- 
velops along one of its {111} faces. Twin defects 
contain self-propagating ledges that serve as ac- 


tive sites for crystal growth, and Ag deposition 
along the {111} plane of the twin defect is faster 
than along the other {111} faces (3). This event 
results in asymmetric nanoparticle growth and 
drives the transformation from octahedron to 
truncated tetrahedron. This observation is con- 
sistent with previous studies in which, in the ab- 
sence of Au seeds, planar twinned {111}-faceted 
triangular prisms are formed under otherwise sim- 
ilar conditions (27). 

It has been observed experimentally (29, 30) 
and also suggested by theoretical calculations (3/) 
that small metal clusters can undergo structure 


fluctuations in which the twinning motif can change 
to lower the overall energy of the nanoparticle. 
However, researchers have concluded that as a 
cluster grows, it will reach a size threshold at 
which the energy barrier for structural change 
becomes too great (29-31). The growth of a sin- 
gle stable twin plane can induce the growth of 
additional twin planes such that either a five-fold 
(decahedral) or 20-fold (icosahedral) twinning 
motif is adopted (3/). A similar process was ob- 
served in this plasmon-mediated reaction, where 
the growth ofa single twin defect in an octahedral 
particle not only effected the transformation from 


Fig. 3. Products generated when the reaction is seeded with Au cubes. (A) Typical STEM image of 
nanoparticles with Au cube core and Ag octahedron shell. (B to D) Heterometallic octahedra and their 
corresponding models, viewed at different orientations with respect to the electron beam and approximately 
aligned to the [110] (B), [111] (C), and [100] (D) zone axis. (E) STEM image of an individual particle. (F and 
G) EDX maps of the Ag components (F) and the Au components (G) of the particle in (E). Scale bars, 25 nm. 


Fig. 4. Products generated when the reaction is seeded with Au octahedra. (A) Typical STEM image of nano- 
particles with Au octahedron core and Ag tetrahedron shell. (B to D) Heterometallic tetrahedra and their 
corresponding models, viewed at different orientations to the electron beam and approximately aligned to the 
[111] (B), [100] (©), and slightly tilted from the [111] (D) zone axis. (E) STEM image of an individual particle. (F 
and G) EDX maps of the Ag components (F) and the Au components (G) of the particle in (E). Scale bars, 25 nm. 
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octahedron to truncated tetrahedron, but also in- 
duced the growth of a second twin boundary 
along a neighboring {111} face that is about 72° 
apart from the first (10). Thus, the driving force 
for the growth of the fourth tip of the tetrahedron 
is likely rapid growth along two adjacent twin 
boundaries (Fig. 1D). This conclusion is supported 
by high-magnification STEM images of individ- 
ual, fully formed tetrahedra that show distinct 
lines of contrast along their edges, suggesting the 
presence of twin planes running parallel to the faces 
of the tetrahedra, and was further confirmed by 
electron diffraction studies (figs. S10 to $12) (24). 

Later stages of the growth pathway outlined 
in Fig. 1 were probed by increasing the silver/gold 
ratio in the reaction seeded with Au octahedra. 
When the number of Au octahedral seeds added 
to the reaction was reduced (effectively increas- 
ing the silver/gold ratio), bimetallic particles with 
truncated bitetrahedral and even decahedral Ag 
shells formed (fig. S13). We observed a large dis- 
persity in terms of particle shape in this reaction, 
similar to what occurred when we used pseudo- 
spherical seeds. These data indicate that tetrahe- 
dra continued to develop twin defects such that a 
five-fold twinned decahedron could form. STEM 
images from the growth of the pseudo-spherical 
seeds revealed bimetallic particles with truncated 
bitetrahedral, bitetrahedral, truncated decahedral, 
and decahedral shapes (Fig. 1, E to H). We pro- 
pose that a tetrahedron can develop a third twin 
plane, causing a change in shape to a bitetrahedron, 
and then eventually develop a fourth and fifth twin 
plane, resulting in the growth of a decahedron. 

The lack of synthetic procedures for prepar- 
ing Au analogs for many of the shapes depicted 
in Fig. 1, C to G, prevented a closer study of these 
individual growth steps. However, we have previ- 
ously studied the plasmon-mediated deposition of 
Ag onto Au decahedral seeds under nearly 
identical conditions (2). We found that Au five- 
fold twinned decahedra grew into bimetallic 20- 
fold twinned icosahedra in a manner similar to the 
transformations outlined in Fig. 1. These data 
are consistent with the conclusion that, for this 
synthetic system, multiply twinned particles 
formed by successive twinning and that decahe- 
dra, regardless of whether they comprise Au or 
Au-core/Ag-shell structures, can transform into 
icosahedra through this twinning process (Fig. 1, 
H to J). 

These data show that this particle labeling 
strategy is particularly useful for elucidating growth 
pathways when crystal twinning is involved. This 
method of analysis allows for the discrimination 
of twin defects inherent to the seed particle and 
those that develop during the growth of a crystal, 
essentially distinguishing the potential growth path- 
ways of multiply twinned nanoparticles. This work 
not only provides valuable insight into the growth 
mechanisms of multiply twinned structures, which 
will help to more effectively synthesize such 
particles in the future, but also demonstrates 
how nanoparticle labels can be used to effectively 
track and monitor the growth of nanomaterials in 


much the same manner that fluorescence and 
isotopic labeling strategies have been used to 
study molecular materials. We also anticipate 
that if this method of analysis is combined with 
in situ TEM observations (/4, /6—/8), an even 
greater understanding of nanoparticle growth 
can be obtained. 
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Mapping the Origins and Expansion 
of the Indo-European Language Family 


Remco Bouckaert,? Philippe Lemey,” Michael Dunn,?* Simon J. Greenhill,>* 
Alexander V. Alekseyenko,’ Alexei J. Drummond,*® Russell D. Gray,” 
Marc A. Suchard,?°7*2? Quentin D. Atkinson®+* 


There are two competing hypotheses for the origin of the Indo-European language family. The 
conventional view places the homeland in the Pontic steppes about 6000 years ago. An alternative 
hypothesis claims that the languages spread from Anatolia with the expansion of farming 8000 

to 9500 years ago. We used Bayesian phylogeographic approaches, together with basic vocabulary data 
from 103 ancient and contemporary Indo-European languages, to explicitly model the expansion of the 
family and test these hypotheses. We found decisive support for an Anatolian origin over a steppe 
origin. Both the inferred timing and root location of the Indo-European language trees fit with an 
agricultural expansion from Anatolia beginning 8000 to 9500 years ago. These results highlight the 
critical role that phylogeographic inference can play in resolving debates about human prehistory. 


odel-based methods for Bayesian in- 
Me== of phylogeny have been ap- 

plied to comparative basic vocabulary 
data to infer ancestral relationships between lan- 
guages (/—3). Such studies have focused on the 
use of subgrouping and time-depth estimates 
to test competing hypotheses, but they lack ex- 
plicit geographic models of language expansion. 
Here, we used two novel quantitative phylogeo- 


graphic inference tools derived from stochastic 
models in evolutionary biology to tackle the “most 
recalcitrant problem in historical linguistics” (4)— 
the origin of the Indo-European languages. The 
“steppe hypothesis” posits an origin in the Pontic 
steppe region north of the Caspian Sea. Although 
the archaeological record provides a number of 
candidate expansions from this area (5), a steppe 
homeland is most commonly linked to evidence 
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of an expansion into Europe and the Near East 
by Kurgan seminomadic pastoralists beginning 
5000 to 6000 years ago (5—7). Evidence from “‘lin- 
guistic paleontology” —an approach in which terms 
reconstructed in the ancestral “proto-language” 
are used to make inferences about its speakers’ 
culture and environment—and putative early bor- 
rowings between Indo-European and the Uralic 
language family of northern Eurasia (8) are cited 
as possible evidence for a steppe homeland (9). 
However, the reliability of inferences derived from 
linguistic paleontology and claimed borrowings re- 
mains uncertain (5, /0). The alternative “Anatolian 
hypothesis” holds that Indo-European languages 
spread with the expansion of agriculture from 
Anatolia (in present-day Turkey), beginning 8000 
to 9500 years ago (//). Estimates of the age of 
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the Indo-European family derived from models 
of vocabulary evolution support the chronology 
implied by the Anatolian hypothesis, but the in- 
ferred dates remain controversial (5, 10, 12), and 
the implied models of geographic expansion under 
each hypothesis remain untested. 

To test these two hypotheses, we adapted and 
extended a Bayesian phylogeographic inference 
framework developed to investigate the origin of 
virus outbreaks from molecular sequence data 
(13, 14). We used this approach to analyze a data 
set of basic vocabulary terms and geographic range 
assignments for 103 ancient and contemporary 
Indo-European languages (/5—/7). Following pre- 
vious work that applied Bayesian phylogenetic 
methods to linguistic data (/—3), we modeled lan- 
guage evolution as the gain and loss of “cognates” 
(homologous words) through time (/8—20). We 
combined phylogenetic inference with a relaxed 
random walk (RRW) (/4) model of continuous 
spatial diffusion along the branches of an unknown, 
yet estimable, phylogeny to jointly infer the Indo- 
European language phylogeny and the most prob- 
able geographic ranges at the root and internal 
nodes. This phylogeographic approach treats lan- 
guage location as a continuous vector (longitude 
and latitude) that evolves through time along the 
branches of a tree and seeks to infer ancestral lo- 
cations at internal nodes on the tree while simul- 
taneously accounting for uncertainty in the tree. 

To increase the realism of the spatial diffu- 
sion, our method extends the RRW process in 
two ways. First, to reduce potential bias associated 
with assigning point locations to sampled lan- 
guages, we use geographic ranges of the languages 
to specify uncertainty in the location assignments. 
Second, to account for geographic heterogeneity, 
we accommodate spatial prior distributions on the 
root and internal node locations. By assigning zero 


Fig. 1. Inferred geographic origin of the Indo-European language family. 
(A) Map showing the estimated posterior distribution for the location of 
the root of the Indo-European language tree under the RRW analysis. Markov 
chain Monte Carlo (MCMC) sampled locations are plotted in translucent 
red such that darker areas correspond to increased probability mass. (B) 
The same distribution under a landscape-based analysis in which move- 
ment into water is less likely than movement into land by a factor of 100 


probability to node locations over water, we can 
incorporate into the analysis prior information 
about the shape of the Eurasian landmass. 

The estimated posterior distribution for the 
location of the root of the Indo-European tree 
under the RRW model is shown in Fig. 1A. The 
distribution for the root location lies in the re- 
gion of Anatolia in present-day Turkey. To quan- 
tify the strength of support for an Anatolian origin, 
we calculated the Bayes factors (2/) comparing 
the posterior to prior odds ratio of a root location 
within the hypothesized Anatolian homeland (//) 
(Fig. 1, yellow polygon) with two versions of the 
steppe hypothesis—the initial proposed Kurgan 
steppe homeland (6) and a later refined hypoth- 
esis (7) (Table 1). Bayes factors show strong sup- 
port for the Anatolian hypothesis under a RRW 
model. This model allows large variation in rates 
of expansion and so is sufficiently flexible to fit 
the alternative hypothesis if the data support it. 
Further, the geographic centroid of the languages 
considered here falls within the broader steppe 
hypothesis (Fig. 1, green star), indicating that our 
model is not simply returning the center of mass 
of the sampled locations, as would be predicted 
under a simple diffusion process that ignores phy- 
logenetic information and geographic barriers. 

Our results incorporate phylogenetic uncer- 
tainty given our data and model and so are not 
contingent on any single phylogeny. However, 
phonological and morphological data have been 
interpreted to support an Indo-European branch- 
ing structure that differs slightly from the pattern 
we find, particularly near the base of the tree 
(/6). If we constrain our analysis to fit with this 
alternative pattern of diversification, we find even 
stronger support for an Anatolian origin (in terms 
of Bayes factors, BF steppe 1 = 216; BF steppe = 
227) (15). 


(see fig. $5 for results under the other landscape-based models). The blue 
polygons delineate the proposed origin area under the steppe hypothesis; 
dark blue represents the initial suggested Kurgan homeland (6) (steppe 1), 
and light blue denotes a later version of the steppe hypothesis (7) (steppe 
Il). The yellow polygon delineates the proposed origin under the Anatolian 
hypothesis (77). A green star in the steppe region shows the location of the 
centroid of the sampled languages. 
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As the earliest representatives of the main 
Indo-European lineages, our 20 ancient languages 
might provide more reliable location informa- 
tion. Conversely, the position of the ancient lan- 
guages in the tree, particularly the three Anatolian 
varieties, might have unduly biased our results 
in favor of an Anatolian origin. We investigated 
both possibilities by repeating the above analy- 


ses separately on only the ancient languages and 
only the contemporary languages (which ex- 
cludes Anatolian). Consistent with the analysis 
of the full data set, both analyses still supported 
an Anatolian origin (Table 1). 

The RRW approach avoids internal node as- 
signments over water, but it does assume, along 
the unknown tree branches, the same underlying 


Table 1. Bayes factors comparing support for the Anatolian and steppe hypotheses. We estimated 
Bayes factors directly, using expectations of a root model indicator function taken over the MCMC 
samples drawn from the posterior and prior of each hypothesis. Bayes factors greater than 1 favor 
an Anatolian origin. A Bayes factor of 5 to 20 is taken as substantial support, greater than 20 as 
strong support, and greater than 100 as decisive (30). 


Phylogeographic analysis 


Bayes factor 


Anatolian vs. steppe | Anatolian vs. steppe II 


RRW: All languages 

RRW: Ancient languages only 

RRW: Contemporary languages only 
Landscape aware: Diffusion 


Landscape aware: Migration from land into water less 


likely than from land to land by a factor of 10 


Landscape aware: Migration from land into water less 
likely than from land to land by a factor of 100 


Landscape aware: Sailor 


175.0 159.3 
1404.2 1582.6 
12.0 11.4 
298.2 141.9 
197.7 92.3 
337.3 161.0 
236.0 111.7 


Fig. 2. Map and maximum clade credibility tree showing the diversification 
of the major Indo-European subfamilies. The tree shows the timing of the 
emergence of the major branches and their subsequent diversification. The 
inferred location at the root of each subfamily is shown on the map, colored 


estimates (15). 


REPO 


migration rate across water as across land. To 
investigate the robustness of our results to het- 
erogeneity in rates of spatial diffusion, we devel- 
oped a second inference procedure that allows 
migration rates to vary over land and water (/5). 
This landscape-based model allows for the in- 
clusion of a more complex diffusion process in 
which rates of migration are a function of geog- 
raphy. We examined the effect of varying relative 
rate parameters to represent a range of different 
migration patterns (/5). Figure 1B shows the in- 
ferred Indo-European homeland under a model 
in which migration from land into water is less 
likely than from land to land by a factor of 100. 
At the other extreme, we fit a “‘sailor’” model with 
no reluctance to move into water and rapid move- 
ment across water. Consistent with the findings 
based on the RRW model, each of the landscape- 
based models supports the Anatolian farming 
theory of Indo-European origin (Table 1). 

Our results strongly support an Anatolian 
homeland for the Indo-European language family. 
The inferred location (Fig. 1) and timing [95% 
highest posterior density (HPD) interval, 7116 to 
10,410 years ago] of Indo-European origin is con- 
gruent with the proposal that the family began 
to diverge with the spread of agriculture from 
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to match the corresponding branches on the tree. Albanian, Armenian, and 
Greek subfamilies are shown separately for clarity (inset). Contours represent 
the 95% (largest), 75%, and 50% HPD regions, based on kernel density 


www.sciencemag.org SCIENCE VOL 337 24 AUGUST 2012 


RTS 


959 


Downloaded from www.sciencemag.org on August 26, 2012 


REPORTS 


960 


Anatolia 8000 to 9500 years ago (//). In addition, 
the basal relationships in the tree (Fig. 2, inset, 
and figs. S1 and S2) and geographic movements 
these imply are also consistent with archaeolog- 
ical evidence for an expansion of agriculture into 
Europe via the Balkans, reaching the edge of 
western Europe by 5000 years ago (22). This sce- 
nario fits with genetic (23—25) and craniometric 
(26) evidence for a Neolithic, Anatolian contribu- 
tion to the European gene pool. An expansion 
of Indo-European languages with agriculture is 
also in line with similar explanations for language 
expansion in the Pacific (2), Southeast Asia (27), 
and sub-Saharan Africa (28), adding weight to 
arguments for the key role of agriculture in shap- 
ing global linguistic diversity (4). 

Despite support for an Anatolian Indo- 
European origin, we think it unlikely that agricul- 
ture serves as the sole driver of language expansion 
on the continent. The five major Indo-European 
subfamilies—Celtic, Germanic, Italic, Balto-Slavic, 
and Indo-Iranian—all emerged as distinct lineages 
between 4000 and 6000 years ago (Fig. 2 and fig. 
S1), contemporaneous with a number of later cul- 
tural expansions evident in the archaeological record, 
including the Kurgan expansion (5—7). Our inferred 
tree also shows that within each subfamily, the lan- 
guages we sampled began to diversify between 
2000 and 4500 years ago, well after the agricul- 
tural expansion had run its course. Figure 2 plots 
the inferred geographic origin of languages sam- 
pled from each subfamily under the RRW model. 
The interpretation of these results is straightforward 
when all the main branches of a subfamily are 
represented in the sample. In cases where there 
are branches not represented, such as Continental 
Celtic, the inferred time depths and locations may 
not correspond to the origin of all known languages 
in a subfamily. Because we know that the Romance 
languages in our sample are descended from Latin, 
this group presents a useful test case of our meth- 
odology. Our model correctly assigns high posterior 
support to the most recent common ancestor of 
contemporary Romance languages around Rome 
(fig. S3). Using this approach, we may therefore be 
able to test between more recent origin hypothe- 
ses pertaining to individual subgroups. More- 
over, by combining the time-depth and location 
estimates across all internal nodes, we can generate 
a picture of the expansion of all Indo-European lan- 
guages across the landscape (fig. S4 and movie S1). 

Language phylogenies provide insights into 
the cultural history of their speakers (/—3, 28, 29). 
Our analysis of ancient and contemporary Indo- 
European languages shows that these insights can 
be made even more powerful by explicitly incor- 
porating spatial information. Linguistic phylo- 
geography enables us to locate cultural histories 
in space and time and thus provides a rigorous 
analytic framework for the synthesis of archae- 
ological, genetic, and cultural data. 
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Assembly of an Evolutionarily New 
Pathway for a-Pyrone Biosynthesis 


in Arabidopsis 


Jing-Ke Weng,** Yi Li,? Huaping Mo,” Clint Chapple*t 


Plants possess arrays of functionally diverse specialized metabolites, many of which are distributed 
taxonomically. Here, we describe the evolution of a class of substituted o-pyrone metabolites 

in Arabidopsis, which we have named arabidopyrones. The biosynthesis of arabidopyrones 
requires a cytochrome P450 enzyme (CYP84A4) to generate the catechol-substituted substrate for 
an extradiol ring-cleavage dioxygenase (AtLigB). Unlike other ring-cleavage—derived plant 
metabolites made from tyrosine, arabidopyrones are instead derived from phenylalanine through 
the early steps of phenylpropanoid metabolism. Whereas CYP84A4, an Arabidopsis-specific 
paralog of the lignin-biosynthetic enzyme CYP84A1, has neofunctionalized relative to its ancestor, 
AtLigB homologs are widespread among land plants and many bacteria. This study exemplifies 
the rapid evolution of a biochemical pathway formed by the addition of a new biological 


activity into an existing metabolic infrastructure. 


s sessile organisms, land plants evolved 
the ability to synthesize specialized 
metabolites that are key to their adapta- 
tion to terrestrial ecosystems (/). The specialized 
metabolic pathways in plants typically comprise 
multiple catalytic steps that are spatially and tem- 


porally regulated and range from being widespread 
across land plants examined to date to lineage- 
specific (2). For example, flavonoids are ubiqui- 
tous in land plants, but the anticancer drug taxol 
is made only in certain yew species (3). The 
latter observation, and others like it, suggest that 


24 AUGUST 2012 VOL 337 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on August 26, 2012 


specialized metabolic systems are highly evolv- 
able and can readily explore new chemical space 
in a relatively short evolutionary time scale (/, 3). 
However, it remains unclear how elaborate spe- 
cialized metabolic pathways emerge. 

Plant phenylpropanoids are phenylalanine- 
derived metabolites with diverse functions, which 
mediate plants’ interaction with biotic and abiotic 
environments, regulate growth, and serve as an 
important component of the secondary cell wall 
in vascular plants: lignin. Phenylpropanoid me- 
tabolism contains a core pathway conserved among 
land plants (fig. S1) (4) and additional metabolic 
offshoots derived from various intermediates of 
this core pathway (5). Some branches evolved 
relatively early and have become widespread in 
major lineages, such as syringyl (S) lignin bio- 
synthesis in angiosperms (6). In contrast, later 
innovations remain restricted to a few species, 
such as hydroxycinnamoyl spermidine biosyn- 
thesis in the Brassicaceae family (7) (fig. S1). 

All vascular plants contain p-hydroxyphenyl 
lignin and guaiacyl (G) lignin, whereas angio- 
sperms have evolved to synthesize S lignin through 
additional aromatic ring modifications of G lignin 
precursors (fig. S1). The first step of this branch is 
catalyzed by the cytochrome P450 enzyme ferulate 
5-hydroxylase (F5H, or CYP84A1 in Arabidopsis), 
which converts coniferaldehyde and coniferyl 
alcohol to their 5-hydroxylated derivatives (8, 9). 
Arabidopsis mutants defective in CYP84A1 
(fah1 mutants) do not accumulate downstream 
products, including S lignin and sinapate esters (/0). 
Arabidopsis has a paralog of CYP84A1, designated 
CYP84A4 (At5g04330). To elucidate its function, 
we identified a CYP8444 transferred DNA (T-DNA) 
insertional mutant (SALK_ 064404), which we 
named apd1-1 for arabidopyrone deficient! (fig. 
S2). apd] accumulates normal amounts of sina- 
pate esters (Fig. 1A and fig. S3), which, together 
with the strong phenotype of fah/, indicate that 
CYP84A1 and CYP84A4 are not redundant genes. 
We found that overexpression of CYP84A4 under 
the control of the cinnamate 4-hydroxylase (C4H) 
promoter does not complement the fah/ mutant 
phenotype (Fig. 1A and fig. S3), whereas the 
pC4H::CYP84A1 construct does (8). Finally, 
yeast-expressed CYP84A4 does not show de- 
tectable activity toward either coniferyl alcohol 
or coniferyl aldehyde, the primary substrates of 
CYP84A1. These data suggest that the catalytic 
activity of CYP84A4 is distinct from that of 
CYP84A1. 

We identified four unknown metabolites 
present in stems of wild-type and fah/, but absent 
in both apd/-1 (Fig. 1B) and another T-DNA inser- 
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tional mutant line of CYP8444 (SALK_076723 
or apd1-2) (figs. S2 and S4A). When apd/-1 plants 
were transformed with a CYP84A4 genomic con- 
struct, but not a p35S::CYP84A1 construct, the 
accumulation of the four compounds was restored 
(fig. S4A). These data indicate that CYP84A4, 
but not CYP84A1, is required for biosynthesis of 
the four compounds. When plants carrying the 
pC4H::CYP84A4 construct were analyzed, the 
compounds accumulated to higher amounts in 
stems and also appeared in leaves (Fig. 1B and 
S5), suggesting that CYP84A4 is the rate-limiting 
step in their biosynthesis and that the tissue speci- 
ficity of its expression limits the distribution of these 
metabolites. All CYP84A44-overexpressing plants 
in a fah! background exhibited various levels of 
stunted growth, whereas such an effect was not 
observed in wild type (Fig. 1A and fig. S6), 
Using liquid chromatography—mass spectrome- 
try (LC-MS) andnuclear magnetic resonance, 
we found that these unknown compounds are 
6-carboxy-2-pyrones with side chains reminis- 
cent of those of phenylpropanoid alcohols or 


acids (Fig. 1C, fig. S7, and table S1). We named 
them arabidopyl alcohol, iso-arabidopyl alcohol, 
arabidopic acid, and iso-arabidopic acid and refer 
to them collectively as arabidopyrones (APs). The 
structure of arabidopyl alcohol was confirmed by 
synthesis (fig. S8 and table S1). 

APs are nine-carbon metabolites that, like 
phenylpropanoids, bear a three-carbon side chain, 
suggesting that they may be derived from phenyl- 
alanine or tyrosine. Using isotopic labeling, we 
showed that all nine carbons of arabidopyl alcohol 
are derived from phenylalanine, but not tyrosine 
(Fig. 2 and fig. S9) (17). We further demonstrated 
efficient labeling of arabidopyl alcohol using 
deutertum-labeled cinnamic acid (Fig. 2 and fig. 
S9). These results suggest that APs are synthesized 
from phenylalanine via phenylalanine ammonia- 
lyase (PAL), the first enzyme in phenylpropanoid 
metabolism. 

Known metabolic routes leading to hetero- 
cyclic compounds like APs include those that 
involve enzyme-catalyzed ring cleavage of catechol- 
substituted intermediates, although pyrones can 
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Fig. 1. (A) Rosette-stage wild-type, mutant, and transgenic Arabidopsis plants under visible light (upper 
panel) and ultraviolet (UV) light (lower panel). (B) High-performance liquid chromatography (HPLC) 
chromatograms of Arabidopsis stem extracts showing accumulation of four APs (labeled by dotted lines). 
Compounds 3 and 4 partially overlap chromatographically, but can be differentiated by their mass spectra 
(fig. 7). Because of the difference in the maximum UV absorbance wavelengths among the APs (fig. $7), 
their peak areas do not perfectly reflect their relative abundance [see fig. S4B for quantification of APs 
from mass spectrometry (MS)]. (C) Structures of the four APs, corresponding to compounds 1 to 4 as 
indicated in (B). (D) qRT-PCR analysis of CYP84A4 and AtLigB expression in various tissue types. Error bars, 
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Fig. 2. Isotopic tracing of arabidopyl alcohol biosynthesis with 7H- or 4°C- 
labeled precursors. Arabidopsis seedlings grown on media containing 100 uM 
isotopic labeled precursors were extracted and analyzed by LC-MS. (Left) 
Schematic summary of the results showing that the ortho-deuteriums from 
2H-5-Phe and 7H-5-cinnamic acid, as well as the side-chain?°C from °C-1-Phe, 


also be synthesized by polyketide synthases 
(/2). For example, in Portulaca grandiflora, 3,4- 
dihydroxyphenylalanine (DOPA) is cleaved by 
an extradiol ring-cleavage dioxygenase, and 
the product of this reaction nonenzymatically 
rearranges to form betalamic acid, a naturally 
occurring pigment in plants (/3). Similarly, 
stizolobinic acid and stizolobic acid, phyto- 
alexins in Stizolobium hassjoo, are synthesized 
from DOPA via a ring-cleavage dioxygenase 
(14). Knowing that CYP84A1 is a phenylpropanoid 
5-hydroxylase, we speculated that CYP84A4 
might have evolved into a phenylpropanoid hy- 
droxylase responsible for the production of a 3,4- 
dihydroxylated phenolic intermediate that is 
subsequently cleaved by a downstream extradiol 
ring-cleavage dioxygenase. To test this hypothe- 
sis, we assayed CYP84A4 against a range of 
phenylpropanoid pathway intermediates. Among 
the compounds tested, only p-coumaraldehyde was 
a substrate for CYP84A4, yielding caffealdehyde 
as a product with a Michaelis constant (K,,) of 
41 +5.3 uM (Fig. 3A and fig. S10). To test these 
in vitro data for their relevance in planta, we 
attempted to biochemically complement the 
CYP84A4-deficient apd/-1 mutant by exogenous 
application of caffealdehyde. This treatment restores 
AP accumulation, but application of the structurally 
related caffeic acid and caffeyl alcohol does not 
(Fig. 3B). It is interesting that CYP84A1, which 
presumably represents the ancestral form from 
which CYP84A4 is derived, exhibits slight activity 
as a p-coumaraldehyde 3-hydroxylase in vitro, with 
Ky values several hundred times those for its 
optimal substrates, coniferaldehyde and coniferyl 
alcohol, and 10 times the K,, of CYP84A4 toward 
p-coumaraldehyde (fig. S10) (/5). This observa- 
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Fig. 3. (A) HPLC chromatograms a 
of in vitro enzyme assays showing 
the p-coumaraldehyde 3-hydroxylase 
activity of yeast-expressed CYP84A4. 
Microsomes prepared from yeast 
containing pYeDP60 empty vector 
were used as a negative control. (B) 
HPLC analysis of apd1-1 seedling 
extracts. Seedlings were grown on 
media containing 100 uM caffeic 
acid, caffealdehyde, or caffeyl al- 
cohol for 4 days before analysis. 
Only caffealdehyde restored the 
accumulation of APs in apd1-1. 
AP numbering is the same as in 
Fig. 1C. 
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tion, in agreement with the theory that catalytic 
promiscuity serves as the starting point for diver- 
gence of new enzyme activities (/6), may 
represent a general means by which rapid func- 
tional diversification of specialized metabolic en- 
zymes can occur. 

Amino acids that are important for maintain- 
ing protein function are often under evolutionary 
constraint (/7). On the basis of multiple sequence 
alignment, we calculated the degree of conserva- 
tion for each position of the aligned sequences 
and mapped this information onto a homology 
model of CYP84A1. We found that the protein 
inner core encompassing the active site and the 
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(Right) Quantification of the isotopic distribution of the [M-H]- negative ions of 
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LC-MS. Error bars, +SE for three replicate measurements. 
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substrate channel is highly conserved in the 
CYP84 family (fig. S11A). However, CYP84A4 
contains several mutations in these highly con- 
served regions (figs. S11B and S12). These resi- 
dues have apparently escaped from the constraints 
imposed by F5H function and are potentially key 
residues that are associated with the neofunctional- 
ization of CYP84A4. 

In addition to the deviation of enzymatic 
function, CYP84A4 also exhibits a tissue-specific 
expression pattern distinct from that of CYPS4A1/. 
Using a promoter::GUS reporter line, we detected 
CYP84A4 promoter activity in seedlings, roots, 
stems (mainly in phloem), and inflorescence 
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Fig. 4. (A) A proposed pathway for AP biosynthesis in Arabidopsis. Enzymes 
that may be involved, but have not yet been identified, are italicized and 
denoted with question marks. 4CL, 4-hydroxycinnamoyl coenzyme A (CoA) 
ligase; CCR, (hydroxy)cinnamoyl-CoA reductase; GOLP, glucose oxidase-like 
protein; ADH, alcohol dehydrogenase; ALDH, aldehyde dehydrogenase. (B) 
Maximum likelihood (ML) phylogenetic analysis of CYP84A subfamily and (C) 
plant extradiol ring-cleavage dioxygenases (DOX). The CYP84A tree was 


Arabidopsis |. CYP84A-like2 


99, Oryza s. DOX3 

Oryza s. DOX1 

Oryza s. DOX2 

Zea m. DOX2 

991 Zea m. DOX1 

Brachypodium d. DOX1 
Brachypodium d. DOX2 


6 
Vitis v. DOX 

Medicago t. DOX 
Glycine m. DOX1 
Populus t. DOX1 
Ricinus c. DOX 
Populus t. DOX2 
Populus t. DOX3 
Populus t. DOX4 
Glycine m. DOX2 

99 Mirabilis j, DOX 
Bougainvillea g. DOX 
Beta v. DOX 

Suaeda s. DOX 

Portulaca g. DOX 
991 Opuntia f. DOX1 

Opuntia f. DOX2 

Phytolacca a. DOX1 

Phytolacca a. DOX2 


6: 
Nicotiana b. DOX 
Solanum d. DOX 
Arabidopsis t. LigB 

99T- Arabidopsis |. LigB 
Picea s. DOX1 


87 


Dicots 
Monocots 


98T Picea s. DOX2 Gymnosperms 
Selaginella m. DOX Lycophytes 
Physcomitrella p. DOX Bryophytes 
0.2 


rooted with the Selaginella moellendorffii CYP788A1, an independently 
evolved lycophyte F5H (6), and the DOX tree was rooted on a DOX from the 
moss Physcomitrella patens. Bootstrap values (based on 500 replicates) are 
indicated at the tree nodes. Nodes supported with bootstrap values and 
posterior probabilities above 60% in both ML and Bayesian analyses (fig. 
$15), respectively, are indicated as red circles. The scale measures evolutionary 
distance in substitutions per amino acid. 


nodes, but this staining was low or absent from 
leaves, flowers, seeds, and lignifying tissue in 
which CYP84A1/ is expressed (fig. S13). Quantita- 
tive real-time polymerase chain reaction (qRT-PCR) 
analysis indicates that CYP84A4 is more highly 
expressed in seedlings and stems than in leaves 
or flowers, consistent with the distribution of APs 
(Fig. 1D). 

In the Arabidopsis genome, At4g15093 or 
AtLigB is annotated as encoding an extradiol ring- 
cleavage enzyme, a protein that may be involved in 
AP biosynthesis. We identified two independent 


AtLigB T-DNA insertional lines, SALK_ 141715 
(apd2-1) and SAIL_7_F11 (apd2-2) (fig. S2), and 
in these plants AP accumulation is near or below 
the detection limits (Fig. 1B and fig. S4A). 
Furthermore, overexpression of AtLigB under the 
control of the 35S promoter in apd2-/ restored 
AP biosynthesis to the wild-type level (fig. S4A), 
indicating that AtLigB is required for AP bio- 
synthesis (Fig. 4A). qRT-PCR data and micro- 
array data show that AtLigB is expressed not only 
in seedlings and stems, but also in roots, leaves, 
and flowers where AP accumulation was not 


detected (Fig. 1D and fig. S14), consistent with 
the hypothesis that tissue-specific expression of 
CYP84A4 is the major limiting factor for the 
distribution of APs. 

Phylogenetic analysis suggests that CYP84A4 
originated from a recent gene-duplication event 
after the divergence of Arabidopsis from other 
members of the Brassicaceae family: Arabidopsis 
lyrata contains a CYP84A4 ortholog, whereas 
Brassica napus, Thellungiella halophila, and 
Capsella rubella do not (Fig. 4B and fig. 
S15A). The elongated branch length underlying 
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the CYP84A4 cluster suggests accelerated evo- 
lution, which could be due to positive selection or 
neutral drift after escape from the evolutionary 
constraints imposed on its ancestral version. To 
examine the first scenario, we performed a codon- 
based test, which allows detection of positive 
selection on residues in the CYP84A4 cluster 
against a background of CYP84A members that 
are likely undergoing purifying selection (//, 18). 
No significant sign for positive selection was 
revealed from this analysis (fig. S16). In contrast 
to the recent duplication of CYP84A4 members 
in Arabidopsis, AtLigB is widespread among 
land plants and can be traced back to a single 
gene, predating the mosses (Fig. 4C and fig. 
S15B). This suggests that LigB homologs have 
conserved functions and have only recently been 
recruited to serve in AP biosynthesis in Arabidopsis. 

The evolution of AP biosynthesis in Arabidopsis 
illustrates the emergence of a multistep metabolic 
pathway in plant specialized metabolism. A gene- 
duplication event yielded an extra enzyme copy in 
the ancestral genome, which was relieved from the 
evolutionary constraints imposed on its progenitor. 
The catalytic promiscuity intrinsic to this specialized 
enzyme was subsequently exploited by mutations, 


resulting in neofunctionalization and the synthesis 
of novel metabolites. In the context of a complex 
metabolic system, these emergent metabolites 
could be further converted by preexisting enzymes 
and gave rise to the pathway’s final products. 
These traits, if selectively neutral or advantageous, 
may be fixed within the lineage. Conjugation of 
the new activity of a new enzyme to a preexisting 
catalytic repertoire maximized the exploitable 
chemical space and may be representative of a 
fundamental evolutionary mechanism underlying 
the rapid expansion of chemodiversity in plants. 
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Cis-Acting Transcriptional Repression 
Establishes a Sharp Boundary in 


Chordate Embryos 


Kaoru S. Imai,”’* Yutaka Daido,? Takehiro G. Kusakabe,? Yutaka Satou2* 


The function of bone morphogenetic protein (BMP) signaling in dorsoventral (DV) patterning of 
animal embryos is conserved among Bilateria. In vertebrates, the BMP ligand antidorsalizing 
morphogenetic protein (Admp) is expressed dorsally and moves to the opposite side to specify the 
ventral fate. Here, we show that Pinhead is an antagonist specific for Admp with a role in 
establishing the DV axis of the trunk epidermis in embryos of the ascidian Ciona intestinalis. 
Pinhead and Admp exist in tandem in the genomes of various animals from arthropods to 
vertebrates. This genomic configuration is important for mutually exclusive expression of these 
genes, because Pinhead transcription directly disturbs the action of the Admp enhancer. Our data 
suggest that this dual negative regulatory mechanism is widely conserved in animals. 


and planarians, specification of the dorso- 

ventral (DV) axis depends on the spatially 
opposed expression of Bmp4/Bmp7 and Admp 
(/—7). Although a basal chordate Ciona intestinalis 
lacks a structure homologous to the vertebrate 
organizer (8), which coordinates the formation 
of mesoendoderm and the induction of neural 
tissues, Admp plays a key role in specification 
of the DV axis in the tail ectoderm of the larvae 


[ many animals, including Xenopus, zebrafish, 
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(9, 10). In addition, the expression pattern of 
Admp, Bmp2/4, and Chordin, which encodes a 
bone morphogenetic protein (BMP) antagonist, 
along the DV axis of the trunk epidermis in the 
tailbud-stage embryo is reminiscent of that in 
vertebrate gastrulating embryos (//). 

To better understand Bmp signaling, we 
searched the Ciona genome for genes encoding 
a cysteine-knot domain, which is common to all 
transforming growth factor—$ superfamily ligands 
and many of their antagonists (table S1). A homo- 
log of Xenopus Pinhead (/2) was of particular in- 
terest, because its genomic position is next to Admp. 

Ciona Pinhead encodes a protein with three 
putative cysteine knots (fig. S1A). Initially, Pinhead 
is weakly and transiently expressed in the early 
embryo (fig. S1B). Strong continuous expression 
occurs in the posterior ventral epidermal cells 


at the gastrula stage. This epidermal expression 
expands anteriorally to the entire ventral epidermis 
up to the neurula stage. At the tailbud stage, the 
ventral epidermal expression is restricted to the 
trunk region (arrow in Fig. 10), and is also 
expressed in the ventral endoderm (arrowhead in 
Fig. 10). Pinhead expression overlaps with Bmp2/4 
expression (Fig. 1L) but does not overlap with 
Admp expression, which is observed in the lateral 
epidermis and in the dorsal endoderm (//) (Fig. 11). 

We injected morpholino antisense oligonucleo- 
tides (MOs) against Pinhead, Admp, or Bmp2/4 
into fertilized eggs and examined their effects at 
the tailbud stage. NK4 expression, which marks the 
ventral epidermis in the trunk, was suppressed. in 
Admp morphants (Fig. 1, A and B). FoxB expres- 
sion, which marks the lateral epidermal region, 
was expanded into the ventral region (Fig. 1, E 
and F). In Bmp2/4 morphants, Nk4 expression was 
reduced, whereas we could not observe distinct 
change of FoxB expression (Fig. 1, C and G). In 
Pinhead morphants, NK4 expression was expanded 
to the lateral regions, and FoxB expression was 
reduced (Fig. 1, D and H). Thus, BMP signaling is 
required for ventral fate and is negatively regu- 
lated by Pinhead in the trunk epidermis. 

Admp expression appeared normal in Bmp2/4 
morphants (Fig. 1J) but was narrowed in Pinhead 
morphants (Fig. 1K). Bmp2/4 expression was sup- 
pressed in Admp morphants (Fig. 1M) and ex- 
panded in Pinhead morphants (Fig. 1N). Pinhead 
expression was suppressed in Admp and Bmp2/4 
morphants (Fig. 1, P and Q) (see also supplemen- 
tary text and fig. S2). Thus, the expression of these 
three genes is interrelated. 

Next, we investigated whether Pinhead inter- 
acts directly with Bmp and/or Admp. Constructs, 
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in which 3x Flag-tagged Pinhead and 3x Myc- 
tagged Admp (or BMP2/4) were expressed in the 
entire epidermis under the Di/-b upstream sequence, 
were coelectroporated into fertilized eggs. Flag- 
tagged Pinhead coimmunoprecipitated strongly 
with Myc-tagged Admp in embryonic lysates 
(Fig. 2) and vice versa (fig. S3). By contrast, only 
a very weak interaction was observed between 
Flag-tagged Pinhead and Myc-tagged BMP2/4. 

Previous studies (7, /3) have identified Admp 
orthologs in the genomes of lophotrochozoans and 
various deuterostomes, but not in mammals. We 
also found Admp in the genomes of ecdysozoans, 
such as the water flea Daphnia pulex, the wasp 
Nasonia vitripennis, and the honeybee Apis mellifera 
(fig. S4). Pinhead is present in the genomes of 
Daphnia, Nasonia, Apis, sea urchin, amphioxus, 
fugu, zebrafish, and Xenopus (fig. S5). In all of 
the genomes in which a Pinhead gene was found, it 
was upstream of and oriented in the same direc- 
tion as Admp. 

To examine the cis-regulatory mechanisms 
of these two genes, we cloned 7-kb genomic 
sequences from —1.0 kb upstream of Pinhead to 
the 3’ end of Admp gene and replaced Pinhead 
and Admp with red fluorescent protein (RFP) and 
green fluorescent protein (GFP) reporter genes. 
Because Admp is transiently expressed under the 
control of Dil-b in all the epidermal cells at the 
early gastrula stage (fig. S6), perdurance of GFP 
might be observed after transcription is terminated. 
Therefore, we deleted a region that contains a clus- 
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ter of six putative homeobox binding sites respon- 
sible for the expression of Admp at the gastrula 
stage [-51 to -267 base pairs (bp) upstream of the 
5'-most transcriptional start site (TSS) of Admp]. 
As a result, this RFP/GFP reporter construct reca- 
pitulates the endogenous expression of Pinhead 
and Admp in the tailbud-stage embryo (Fig. 3, A 
and A’). The Pinhead upstream sequence alone 
also reproduced its endogenous expression, although 
the expression was weaker (Fig. 3B). In contrast, 
with the Admp upstream sequence alone, ectopic 
reporter expression was observed in the ventral re- 
gion in addition to the lateral expression (Fig. 3C). 
A series of deletions of the Admp upstream 
sequence revealed that the region between —267 
and —650 bp enhanced RFP expression (Fig. 3D 
and fig. S7, A to C). We hereafter call this region 
the G enhancer. Similarly, the region between 
—650 and —972 bp was essential for GFP ex- 
pression in tailbud-stage embryos (fig. S7, D to 
F), whereas the G enhancer enhanced it (Fig. 
3D). There are three E boxes between —650 and 
972 bp conserved in the closely related Ciona 
savignyi. Mutations in these E boxes completely 
abolished GFP expression (Fig. 3E). We call the 
region containing these E boxes the A enhancer. 
The expression of RFP gradually decreased in 
a series of deletions of the Pinhead upstream re- 
gion, although a construct with the 383-bp up- 
stream sequence exhibited a similar level of RFP 
expression in the ventral region compared with 
the full-length construct (fig. S7, G to J). Because 
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Fig. 1. Expression of (A to D) NK4, which marks the ventral epidermis; (E to H) FoxB; (I to K) Admp; (L to N) 
Bmp2/4; and (O to Q) Pinhead in (A), (E), (I), (L), and (O) control embryos and morphant embryos injected 
with [(B), (F), (M), and (P)] Admp, [(), (G), (J), and (Q)] Bmp2/4, and [(D), (H), (K), and (N)] Pinhead MOs. The 
scale bar in (A) represents 100 jum. Inserts in (I) and (L) to (Q) are in ventral views of the trunk region. 
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Pinhead is controlled by Admp/Bmp signal, we 
mutated four Smad-binding elements (SBEs) with- 
in this 383-bp region. This mutated construct did 
not drive RFP expression (Fig. 3F). We call the 
region containing these SBEs the P enhancer. 

In the Pinhead-upstream sequence series of 
deletions, we observed increased ectopic GFP 
expression in the ventral region concomitant with 
decreased RFP expression (fig. S7, G to J). 
Mutation of the SBEs also resulted in ectopic 
GFP expression in the ventral region (Fig. 3F). 
However, the Pinhead upstream region tethered 
directly to the Admp upstream sequence did not 
repress GFP expression in the ventral region (Fig. 
3G). Therefore, the P enhancer does not directly 
repress GFP expression in the ventral region. 
Instead, these observations indicate that Pinhead 
transcription interferes with Admp transcription 
(see also supplementary text and fig. S7, K to M). 

This transcriptional link was conserved in 
medaka. A construct with the upstream sequences 
of medaka Pinhead and Admp, driving RFP and 
GFP, respectively, caused nonoverlapping expres- 
sion of GFP and RFP in the axial tissues and the 
surrounding tissues of 2-day embryos in most cases 
(fig. S8A) (58%, n = 29 embryos) and barely drove 
GFP expression in the surrounding tissues (7%). In 
contrast, a construct containing only the Admp up- 
stream region and GFP drove GFP expression in 
both of the axial tissues and the surrounding tis- 
sues (fig. S8, B and B’) (42%, n = 47 embryos). 

The above results suggested that the repres- 
sion of Admp transcription in the ventral region is 
due to a cis-acting mechanism associated with 
Pinhead transcription. Transcriptional interfer- 
ence by the read-through transcript is not likely 
the principal mechanism, because we rarely detected 
a considerable amount of transcript around the 
3'-most E box in the A enhancer (fig. $9), which 
alone can activate Admp transcription (fig. S7D). 

Next, we examined chromatin structure by the 
chromosome conformation capture (3C) method 
(/4) using two types of embryos. In the first type, 
Bmp2/4 was overexpressed under the Dil-b en- 
hancer, resulting in down-regulation of Admp 
and up-regulation of Pinhead (fig. S10, A and B). 
In the second type, noggin was overexpressed, 
resulting in up-regulation of Admp and down- 
regulation of Pinhead (fig. S10, C and D). A com- 
mon primer on fragment 5, which contains the 
three SBEs and the Pinhead promoter, was used 
in combination with a set of primers along the 
genomic loci. A specific and strong interaction 
with fragment 10 containing the A enhancer and 
most of the G enhancer was observed in embryos 
with up-regulated Pinhead (Fig. 4A). This was con- 
firmed with another common primer on fragment 
10 (fig. SIOE). Thus, when Pinhead 1s transcribed, 
the Pinhead upstream region interacts with the 
region containing the A and G enhancers (Fig. 4B). 

This interaction likely occurs in the Pinhead 
promoter but not in the P enhancer, because de- 
repression of GFP in the ventral region was 
observed with a reporter construct lacking the Pinhead 
promoter (fig. S7N). Furthermore, replacement of 
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the Pinhead promoter with the Admp promoter re- 
sulted in derepression of GFP in the ventral region 
despite the expression of RFP (Fig. 3, H and H’). 
Because RFP was also expressed ectopically 
in the lateral region with the construct shown in 


Fig. 2. Lysates of embryos with 


Fig. 3H, the comparison between Fig. 3A and H 
suggested that the A enhancer acts only on the 
Admp promoter, not on the Pinhead promoter. 
Indeed, GFP was not driven with a construct in 
which the Admp promoter was replaced with the 


input immunoprecipitation 


Pinhead promoter (fig. S70). In addition, as 
described earlier, the G enhancer, but not the A 
enhancer, enhances Pinhead transcription (e.g., 
Fig. 3, D and E). These observations suggested 
that the G enhancer interacts with the Pinhead 
promoter, and the A enhancer is thereby sequestered, 
when Pinhead is transcribed. To investigate this 


overexpression of Flag-tagged 


possibility, we swapped the A and G enhancers. 


i - + - + = + + = + = + = + + : : ; : : 
Pinhead and Myc-tagged Admp Pinhead (Flag) This swap construct, in which the interaction be- 
(or Bmp2/4) were immunopre- Admp (Myc) - - * * = = = * * = = = = = tween the G enhancer and the Pinhead promoter 
Cipitated (IP) with antibodies Bmp2/4(Myc) - - - - + + - - - + + = = + could not sequester the A enhancer, indeed re- 
to Myc. The bounded proteins IPs antieuiye ee He. A A Oa sulted in derepression of GFP in the ventral region 
were analyzed by Western (Fig. 3, I and I’). Therefore, we conclude that the 
blotting (WB) with antibodies 50kDa interaction between the G enhancer and the Pin- 
to Flag. head promoter disturbs the action of the A en- 
40kDa hancer (see also supplementary text). 
Bmp signaling is widely used in determining 
WB: anti-Flag the DV axis of bilaterian embryos. Our data 
ry 
Expression in the trunk epidermis 
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Fig. 3. Analysis of the regulatory regions of Admp and Pinhead. (A to 1) The 
illustrations on the left depict the constructs used. The red boxes indicate 
the RFP gene and SV40 polyadenylation signal that replaced Pinhead, and 
the green boxes indicate the GFP gene and SV40 polyadenylation signal 
that replaced Admp. The numbers indicate the relative nucleotide positions 
from the 5’-most TSSs of Pinhead and Admp. The blue ovals indicate 
putative SBEs, and the yellow ovals indicate E boxes important for Admp 
expression. Mutated binding sites are indicated by X. The two TSSs (3 bp 
apart from each other) of Pinhead and the four TSSs (distributed within a 


356-bp region) of Admp are indicated by arrows in (A). Pink and light 
green boxes indicate the Pinhead promoter region and the Admp promoter 
region, respectively. Red and green bars in the middle column indicate 
scoring of RFP and GFP expression in the ventral epidermis, respectively. 
Red and green bars in the right column indicate scoring of RFP and GFP 
expression in the lateral epidermis, respectively. (A’, C’, H’, and I’) Merged 
images showing RFP and GFP expression in embryos injected with the con- 
structs shown in (A), (C), (H), and (I), respectively. Green- and red-channel 
images of the trunk region are shown in (A’), (H’), and (I’). 
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Fig. 4. (A) 3C analysis exam- 
ining interaction of the Admp 
enhancer with nearby regions. 
A schematic representation 
of the genomic organization 
of Pinhead and Admp and 
restriction fragments used 
is shown below the graph. 
Blue and yellow triangles in- 
dicate the SBEs and E boxes 0 

in the P and A enhancers. 1 
The brown box indicates the 
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calculated as fold difference 
relative to the control reac- 
tion using bacterial artifi- 
cial chromosome DNA. Blue B 
bars indicate embryos with 
Bmp2/4 overexpression, which 
leads to up-regulation of Pin- 
head transcription. Yellow bars 
indicate embryos with noggin 
overexpression, which leads to 
down-regulation of Pinhead 
transcription. Error bars in- 
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dicate standard errors of quantitative real-time fluorescence polymerase chain reaction. (B) Models of 
chromosome conformations of the P (blue), A (yellow), and G (brown) enhancers when Pinhead transcription 


is active (left) and inactive (right). 


indicate that Pinhead plays a key role in this 
system (fig. S11). Because Pinhead specifically 
interacts with Admp, Pinhead antagonizes Admp 
activity after Admp induces Pinhead transcrip- 
tion, preventing Admp activity from propagating 
further laterally and dorsally, but does not affect 
Bmp2/4 signaling. Furthermore, Pinhead tran- 


scription suppresses Admp transcription, thereby 
ensuring their mutually exclusive expression. 
This occurs mainly through competition for the 
G enhancer, a competition that Pinhead always 
wins when the Admp/BMP signal is active. Be- 
cause the genomic configuration of Pinhead and 
Admp is widely conserved from arthropods to 
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vertebrates, this dual negative regulation may be 
conserved as well. 
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Transposable elements (TEs) are abundant in the human genome, and some are capable 

of generating new insertions through RNA intermediates. In cancer, the disruption of cellular 
mechanisms that normally suppress TE activity may facilitate mutagenic retrotranspositions. 

We performed single-nucleotide resolution analysis of TE insertions in 43 high-coverage 
whole-genome sequencing data sets from five cancer types. We identified 194 high-confidence 
somatic TE insertions, as well as thousands of polymorphic TE insertions in matched normal 
genomes. Somatic insertions were present in epithelial tumors but not in blood or brain cancers. 
Somatic L1 insertions tend to occur in genes that are commonly mutated in cancer, disrupt the 
expression of the target genes, and are biased toward regions of cancer-specific DNA 
hypomethylation, highlighting their potential impact in tumorigenesis. 


ated in mammalian genomes by integrating 


Tostinen elements (TEs) have prolifer- 
new copies primarily through RNA-mediated 


mechanisms. Whereas most TEs are inactive rem- 
nants fixed within the human population, younger 
TEs account for much of the structural variation 


among individual genomes (/). TE activity in so- 
matic tissues is normally repressed through epi- 
genetic and post-transcriptional mechanisms (2-4), 
but some TEs escape repression and generate new 
polymorphic insertions during the transient release 
of these repression mechanisms in germ cells and 
during early embryonic development (5—7). Some 
of these insertions can occur later in life (8) and 
result in disease-causing gene alterations (9), such 
as the few examples reported in colon and lung 
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cancers (J0, 1/). However, despite its mutagenic 
potential, the extent to which somatic retrotrans- 
position contributes to tumorigenesis in various 
tissues remains largely unexplored. Here, we identify 
TE integration sites at single-nucleotide resolution, 
characterizing the insertional mechanisms and 
distinguishing retrotransposition from other types 
of genomic rearrangements common in cancer 
genomes. 

Analysis of TEs with short-read sequencing 
is challenging, because numerous, often nearly 
identical TE instances make it difficult to dis- 
cern the true source of the sequenced fragments. 
Detection of somatic TE insertions in cancer ge- 
nomes is further complicated by heterozygosity, 
cellular and genetic heterogeneity of tumor sam- 
ples, and complex genomic rearrangements found 
in many cancers. We developed Tea (TE analyzer), 
a computational method that detects the exact 
position and mechanism of TE insertions from 
paired-end whole-genome sequencing data with 
high accuracy (Fig. 1). 

We applied Tea to whole-genome sequencing 
data from tumor and matched normal blood sam- 
ples from a total of 43 colorectal, prostate, ovar- 
ian, multiple myeloma, and glioblastoma cancer 
patients (table S1). Our analysis revealed 194 
high-confidence somatic TE insertions (183 L1s, 


10 Alus, and 1 ERV) with the average per tumor 
type ranging from 0 to 29 (Fig. 2A and table S2). 
All of the somatic L1 and Alu insertions were 
observed in the cancers of epithelial cell origin 
(colorectal, prostate, and ovarian), with colorectal 
tumors showing the highest frequency of somatic 
LI insertions, but not in the blood or brain can- 
cers. Some of the TE insertions detected by our 
method may be generated by mechanisms other 
than classical retrotransposition. Although none 
of the ERV1 family elements are thought to be 
active in humans, we observed an ERV somatic 
insertion (PABL_A repeat, ERV1 family) in a 
myeloma sample in the intron of DAPK] (death- 
associated protein kinase 1), later validated by 
polymerase chain reaction (PCR) and Sanger 
sequencing (fig. S1 and tables S3 and S4). Given 
the small insertion size [375 base pairs (bp)] and 
2-bp microhomology at both breakpoint junc- 
tions, the ERV1 insertion was likely generated 
via the microhomology-mediated break-induced 
repair mechanism (/2). 

One colorectal tumor (CR3518) showed a high 
somatic TE insertion frequency (106 events) along 
with microsatellite instability, a high nonsilent single- 
nucleotide or short insertion/deletion (indel) mutation 
rate (430 mutations), altered DNA repair pathways 
via MLH1 epigenetic silencing and a POLE mis- 


sense mutation and belonged to the high CpG is- 
land methylator phenotype (CIMP-high) (table S5). 
Tn contrast, the other colorectal tumors (/3) were 
microsatellite-stable, had a low simple mutation rate 
(45 to 60 mutations), lacked detectable aberrations 
among the DNA mismatch repair genes tested, 
and belonged to CIMP-low or non-CIMP methyl- 
ation subgroups (table S5). Taken together, this 
suggests the presence of tumor subtypes with re- 
spect to TE activity. 

A representative set of predicted insertions 
was selected for PCR-based validation (supple- 
mentary text S1). We confirmed 25 out of 26 so- 
matic L1 insertions examined in colorectal tumors 
and all of the 13 L1 insertions examined in ovarian 
cancers, resulting in an overall accuracy of 97% 
(table S3). Six junctions and two entire L1 
insertions were further examined by using Sanger 
sequencing, confirming the presence of the L1 
sequences, insertion breakpoints, target-site du- 
plication (TSD) sequences, and poly-A tails (table 
S4). The sensitivity of detection depends on the 
purity of the tumor samples and clonality of the 
events. Our approach was able to detect hetero- 
zygous insertions in samples with tumor purity as 
low as 49% (fig. S2). Events present at lower 
frequency, such as insertions accumulated at later 
stages of tumorigenesis, were likely missed. Our 
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Fig. 1. (A) To detect somatic insertions of TEs, paired-end sequencing data 
from tumor and matched normal samples are aligned to both the reference 
genome and a custom repeat assembly of canonical and divergent TE se- 
quences. Two types of supporting reads are identified: (i) repeat-anchored 
mate (RAM) reads, in which one of the paired-end reads is mapped to a unique 
location in the genome, whereas the other is associated with a TE (reads 1 to 
4), and (ii) clipped reads, which span the TE insertion breakpoints and show 
partial alignment to the reference or the repeat assembly (reads 5 to 8). The 
distances between the clipping positions and the clipped sequences are used 
to infer the insertion mechanism. For instance, duplicated sequences at the 
insertion site (TSD) and the poly-A tail of the inserted TE are characteristics of 


an endonuclease-mediated target-primed retrotransposition. (B) Example: a 
validated somatic L1 insertion in the 3’ UTR of GPATCH2 in colorectal cancer 
(CR3518). The top chart displays two clusters of RAM reads (green) whose 
mate pairs (not shown) are associated with L1 repeat sequences. Clipped 
(partially aligned) reads spanning the insertion breakpoint are shown un- 
derneath, with each nucleotide in a different color (nucleotides matching the 
reference are not shown). The consecutive red bases to the right of the in- 
sertion come from the poly-T tail of the inserted L1 in the negative orientation. 
The separation of clipped read positions between the strands reveals a 19-bp 
TSD (bottom). No RAMs or clipped reads are observed in the matched normal 
(blood) sample. 
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approach cannot detect insertions landing in 
highly repetitive regions, so the true number of 
events is likely to be higher. 

Of the 194 detected somatic TE insertions, 64 
were located within 62 annotated genes (table 
82), including those implicated for tumor sup- 
pressor functions through deletions or epigenetic 
silencing (supplementary text S2): for example, 
NELL1, DBC1, ROBO2, and PARK2 (14-18). 
The affected set was enriched for genes asso- 
ciated with cell-adhesion functions (P= 9.8 x 10°; 
false discovery rate = 0.04), including CDH12, 
ROBO2, NRXN3, FPR2, COL1IA1, NEGRI, 
NTM, and CTNNA2. We examined nucleotide 
mutation frequencies (single nucleotide or small 
indel) across 232 additional colorectal tumors 
and found that the TE target genes are significantly 
enriched for frequently mutated genes (Fig. 2B, 
bootstrap Kolmogorov-Smimov test, P < 10 '° 
for both nonsilent and all mutations). A separate 


analysis of 40 genes targeted by the somatic TE 
insertions only in colorectal tumors also showed 
significant enrichment of frequently mutated genes 
(P < 10 '°; fig. S3). Because recurrently mutated 
genes are likely to be important drivers of tumor- 
igenesis, our results suggest potential contribution 
of TE insertions to cancer development (/9, 20). 
Although none of the somatic events hit coding 
regions, insertions of TE sequence in untranslated 
regions (UTRs) or intronic regions can disrupt 
gene expression (2/). Indeed, over a quarter of 
the identified disease-causing TE insertions are 
located in introns or UTRs (9). We thus compared 
the mRNA levels of the 45 genes hit by somatic 
TEs in colorectal cancer between the affected 
tumor and normal samples. We found that ex- 
pression of the targeted genes is typically altered 
in the sample carrying the TE insertion, resulting 
in significantly lower expression levels on aver- 
age (P = 6.3 x 10 *; Fig. 2C and fig. $4). The 
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impact of L1 insertions may depend on the ori- 
entation of the L1 insertion relative to the target 
gene, with antisense insertions being less disrup- 
tive (21). Indeed, expression of the 27 genes 
targeted by sense insertions showed significant 
decrease (P = 3.9 x 10“), whereas expression 
reduction of the 18 genes targeted in the antisense 
direction did not reach statistical significance 
(P= 0.17). Two somatic L1 insertions were found 
in the 3’ UTRs of F/3B and GPATCH?2 in one 
colorectal tumor (CR3518) (Fig. 1B and fig. S5). 
The insertion in GPATCH2, a gene that has been 
implicated in breast cancer growth (22), coincided 
with significant reduction of its expression level 
(P=3.3 x 10 °; Fig. 2C and fig. S4). 

To contrast the features of somatic TE inser- 
tions in cancer genomes with polymorphic inser- 
tions in human populations, we analyzed 44 normal 
genomes (41 normal blood samples from cancer 
patients and three healthy individuals from the 
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Fig. 2. (A) Frequency of high-confidence somatic L1 insertions varies across 5 
colorectal, 7 prostate, 8 ovarian, 7 multiple myeloma, and 16 glioblastoma 
tumors. Three epithelial cancers (colorectal, prostate, and ovarian) show 
frequent somatic L1 insertions, whereas no insertions are observed in the 
blood and brain cancers. One colorectal tumor (CR3518) contains 102 L1 
insertions, increasing the average somatic event frequency for colorectal 
tumors from 9 to 28 when this sample is included. (B) The genes affected by 
somatic TE insertions are significantly enriched for genes with high mutation 
rates as estimated from the exome sequencing data of 228 additional 
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colorectal tumors (P < 1 x 1077). The mutation frequency of each gene was 
adjusted for its total exon size. (Inset) The top 15 genes with nonsilent 
mutations. (C) The transcript levels of 45 genes with somatic TE insertions in 
colorectal tumors were compared with those from 28 normal colorectal tissues, 
and the expression fold changes are shown. Overall, the genes with a TE 
insertion were significantly down-regulated in tumors (P = 6.3 x 10°“, 
background distribution based on randomly sampled gene sets). KCNIP1 
appears twice because of two somatic insertions in two different samples. The 
dashed line marks 50% reduction in expression. 
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HapMap project) and identified a total of 7449 
TE insertions (5531 Alus, 1645 L1s, 225 SVAs, 
31 ERVKs, and 17 ERVL-MaLRs) that are ab- 
sent in the reference genome (tables S6 to S8). 
Because the majority of such polymorphic events 
are passed down through gametes or generated 
during early embryonic development, we refer to 
them as germline insertions. Among the detected 
germline insertions, 3521 (47%) were polymor- 
phisms not reported in earlier studies (17, 23-27) 
or the Database of Retrotransposition Insertion 
Polymorphisms (dbRIP) (28) (fig. S6). Although 
ERVK family polymorphisms are rare (10 records 
in dbRIP) and none have been reported for the 
ERVL-MaLR family, we identified 31 distinct 
LTRS and 17 distinct THE! polymorphic sites (two 
LTRS and one THE! insertions were experimen- 
tally validated, supplementary text $1). Each in- 
dividual genome contained an average of 791 
Alu, 169 L1, 33 SVA, and 8 ERV insertions not 
found in the reference assembly (fig. S6). 

On the basis of a partial reconstruction of 
the inserted L1 sequences (tables S2 and S6), 
we find that most insertions are not full-length 
L1 instances but fragments substantially trun- 


> 


Fig. 3. (A) Most of the 


cated at the 5’ end (Fig. 3A). The trend is more 
pronounced for somatic insertions, which are 
truncated more often (Fisher’s exact test, P = 
1.3 x 10 |”), and the truncated sequences are on 
average significantly shorter (545 versus 1050 bp; 
Wilcoxon test, P= 4.1 x 10’). Although most of 
the somatic L1 insertions originated from young 
L1Ta subfamilies that are known to be active 
(table S2 and supplementary text $3), the trun- 
cations indicate that the vast majority (>98%) of 
the somatic insertions would not be competent 
of further retrotransposition. 

The local sequence properties around the iden- 
tified breakpoints for 64% of the somatic L1 
insertions showed both TSDs (=5 bp) and poly-A 
tails, which together with the strong 3’ bias of the 
inserted sequences suggest that the majority of so- 
matic TE insertions in cancers are retrotransposition 
events driven by the endonuclease-mediated path- 
way (5). The distribution of TSD lengths showed a 
peak around 15 bp, characteristic of endonuclease- 
mediated retrotransposition, for both somatic and 
germline insertions (Fig. 3B and fig. S6). However, 
somatic insertions exhibited an additional peak 
at 0 bp, indicating that some may have been gen- 


B Somatic L1 Insertions 2- 


identified insertions do not 
contain a full L1 sequence 
(6 kbp) but are truncated at 
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erated by an alternative mechanism such as the 
one mediated by DNA breaks that does not result 
in TSDs (29, 30). Consistent with this, somatic 
LI insertions with TSDs show sequence motifs 
at the breakpoints that correspond to the canon- 
ical L1-endonuclease recognition sequence (3/), 
whereas the insertions lacking TSDs do not show 
such a clear recognition sequence (Fig. 3B). 
Somatic and germline L1 insertion sites differ 
in their genomic distribution and epigenetic char- 
acteristics. The germline L1 insertions are sig- 
nificantly depleted from genes (22% depletion, P= 
1.0 x 10°), likely because of strong negative 
selection acting on such events (32). The somatic 
L1 insertions do not show such notable depletion 
(11% depletion, P = 0.28) but are nevertheless 
biased away from transcriptionally active regions 
(housekeeping genes and common open chroma- 
tin regions, figs. S7 to S9). DNA methylation 
suppresses both TE RNA expression and inte- 
gration (33), and genome-wide disruption of DNA 
methylation has been documented in cancers 
(34). Examination of whole-genome DNA meth- 
ylation profiles in colorectal cancer (35) shows 
that somatic L1 insertion sites are significantly 
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hypomethylation regions (red box) and encounter selection that depletes 
them from transcriptionally active genes unless such insertions promote 
tumorigenesis. By contrast, germline insertions are biased toward germline- 
specific DNA hypomethylation domains (blue box) and are depleted from all 
genes. 
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overrepresented within regions of DNA hypome- 
thylation (P = 4.2 x 10°; Fig. 4A). The LI 
insertion bias toward common hypomethylation 
domains suggests that loss of DNA methylation 
promotes integration of L1 instances. Supporting 
this hypothesis, we find that the germline L1 in- 
sertions are significantly enriched (P= 3.0 x 10“) 
in sperm-specific hypomethylation regions (7), 
whereas somatic insertions are biased toward 
cancer-specific hypomethylation regions (Fig. 4). 

Our analysis suggests that some TE insertions 
provide a selective advantage during tumorigenesis, 
rather than being merely passenger events that 
precede clonal expansion. We observed differen- 
tial deregulation of TE activity across and within 
different cancer types. We also found that such 
insertions preferentially occur at genes commonly 
mutated in cancer, including tumor suppressors, 
substantially disrupting their expression. Although 
a more extensive panel of matched genomic and 
epigenetic data is needed to investigate the func- 
tional impact of retrotransposition events and the 
pathways involved, our analysis reveals the extent 
of TE insertions in human tumors and lays the 
foundation for determining the role of these events 
in human neoplasia. 
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Dense Chromatin Activates Polycomb 
Repressive Complex 2 to Regulate 
H3 Lysine 27 Methylation 


Wen Yuan,":2* Tong Wu,»2* Hang Fu,?2* Chao Dai,? Hui Wu,*? Nan Liu,*? Xiang Li,” 
Mo Xu,” Zhuqiang Zhang,” Tianhui Niu,”* Zhifu Han,’ Jijie Chai,”° 
Xianghong Jasmine Zhou,* Shaorong Gao,” Bing Zhu“t 


Polycomb repressive complex 2 (PRC2)—mediated histone H3 lysine 27 (H3K27) methylation is 
vital for Polycomb gene silencing, a classic epigenetic phenomenon that maintains transcriptional 
silencing throughout cell divisions. We report that PRC2 activity is regulated by the density of 
its substrate nucleosome arrays. Neighboring nucleosomes activate the PRC2 complex with a 
fragment of their H3 histones (Ala>? to Arg’). We also identified mutations on PRC2 subunit 
Su(z)12, which impair its binding and response to the activating peptide and its ability in 
establishing H3K27 trimethylation levels in vivo. In mouse embryonic stem cells, local chromatin 
compaction occurs before the formation of trimethylated H3K27 upon transcription cessation 

of the retinoic acid—regulated gene CYP26a1. We propose that PRC2 can sense the chromatin 
environment to exert its role in the maintenance of transcriptional states. 


a histone methyltransferase specific to his- 


Pris repressive complex 2 (PRC2) is 
tone H3 Lys’’ (H3K27) (1-4), which regu- 
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lates Polycomb gene silencing and X chromosome 
inactivation (5—9). E(z)/Ezh2, the subunit of PRC2 
that contains the SET histone methyltransferase 
domain, is inactive, and the presence of two other 
essential subunits [ESC/EED and Su(z)12] is 
required for enzyme activity (10). PRC2 can be 
allosterically activated by trimethylated H3K27 
(H3K27me3) (//) via its binding to ESC/EED 
(1, 12). PRC2 has little activity on mononucleo- 
somes but exhibits robust activity on dinucleo- 
somes (/3), suggesting that PRC2 activity might be 
regulated by the density of its substrate chromatin. 

We assembled three types of oligonucleosome 
substrates differing in octamer/DNA ratio (Fig. 1A 


and fig. S1). Reconstituted Drosophila PRC2 
complex (fig. $2) exhibited robust activity on 
dense oligonucleosomes and had far less activity 
on dispersed oligonucleosomes, despite the pres- 
ence of equal amounts of histones (Fig. 1B). The 
results suggest that PRC2 activity might be reg- 
ulated by two factors: the density of the substrate 
nucleosome arrays and/or the DNA content. The 
free DNA used for nucleosome assembly was ti- 
trated into dense oligonucleosomes, which par- 
tially inhibited PRC2 activity. However, PRC2 
activity on dispersed oligonucleosomes remained 
10-fold lower than that on the dense oligonucleo- 
somes supplemented with higher amounts of free 
DNA (Fig. 1B), suggesting that the density of the 
substrate nucleosome arrays is a contributing fac- 
tor in the regulation of PRC2 activity. 

To verify our findings, we assembled mono- 
and dinucleosomes with different linker DNA 
(Fig. 1C). The strong nucleosome-positioning se- 
quence 601 (/4) was used to ensure the position 
of the assembled nucleosomes (fig. S3). Mono- 
nucleosomes were poor substrates, dinucleosomes 
were much better substrates for PRC2 (Fig. 1D) 
(0, 13), and PRC2 displayed lower activity on 
dinucleosomes with longer linker DNA (Fig. 1D). 
Together, these results suggest that PRC2 activity 
is Sensitive to the density of its substrate chromatin. 

PRC2 displayed much greater activity when 
a neighboring nucleosome was present (Fig. 1), 
suggesting that some feature(s) of the neighbor- 
ing nucleosomes might activate PRC2. Indeed, a 
fragment of histone H3 (amino acids 31 to 42) 
(fig. S4A) greatly stimulated PRC2 enzyme activ- 
ity (Fig. 1E) but not other tested histone methyl- 
transferases (Fig. IF and fig. S4). Scrambled 
peptides with identical amino acid composition 
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displayed significantly reduced stimulation activ- 
ity (fig. SSA). Moreover, the H3(31—42) peptide 
robustly stimulated PRC2 enzyme activity on dis- 
persed oligonucleosomes but displayed minimal 
stimulation on dense oligonucleosomes (Fig. 2A). 
The H3(31-42) peptide also robustly stimulated 
PRC2’s activity on mononucleosomes (Fig. 2B), 
eliminating the requirement for a neighboring 
nucleosome. The human PRC2 complex was also 
activated by the H3(31—42) peptide (fig. SSB), 
indicating that this activation event is evolution- 
arily conserved. 

Several mutations were introduced into the 
H3(3 1-42) peptide to elucidate which amino acid 
residues are essential for the observed stimula- 
tion. A minimal stimulating fragment (35 to 42) 
was identified (fig. SSC), which greatly elevated 
the maximum reaction rate (Vinax) of PRC2 for 
the poor substrates (mononucleosomes and dis- 
persed oligonucleosomes) but had little impact 
on the Vina, of PRC2 for the best substrates (dense 
oligonucleosome arrays). In contrast, the stimulat- 
ing peptide had a minor effect on the Michaelis 
constant (Ki;,) of PRC2 for all substrates (fig. S6). 
Point mutations at Arg” (R40) greatly reduced the 
stimulating activity (fig. SSC). 

To confirm that nucleosome density is a con- 
tributing factor in the distribution profile of PRC2- 
mediated H3K27me3 and dimethylated H3K27 
(H3K27me2) in vivo, we performed a bioinformatics 
analysis by using the published genome-wide 
profiling of nucleosome position and various his- 


Fig. 1. Neighboring nucleosomes activated PRC2 
activity. (A) Substrate description. (B) PRC2 activity 
was sensitive to the nucleosome density on oligo- 
nucleosomes; the total DNA contents in lanes 1 to 7 
are 6.75, 2.25, 0.75, 1.55, 2.35, 3.95, and 7.15 ug, 
respectively. (C) Substrate description. (D) PRC2 ac- 
tivity was sensitive to the nucleosome density on di- 
nucleosomes. (E) H3(31—42) peptide activated PRC2. 
(F) H3(31—42) peptide did not activate the other his- 
tone methyltransferases tested. The amounts of his- 
tone methyltransferases used were as follows: 1.6 ug 
of NSD2, 20 ng of Dot1L, 100 ng of PRC2, 0.2 1g of 
Pr-Set7, and 80 ng of Suv4-20h1. 
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tone modifications in human CD4* T cells (/5, 16). 
First, we defined the well-positioned nucleosome 
pairs, then we measured the distance between 
the two nucleosomes in each pair, and last we 
summed the chromatin immunoprecipitation 
(ChIP)}-sequencing reads that fell onto the paired 
nucleosomes in order to represent their histone 
modification levels. The percentage of nucleosome 
pairs with high modification levels (reads > 3) 
was plotted against the nucleosome spacing for 
each modification (fig. S7). H3K27me3 and 
H3K27me2, both mediated by PRC2, displayed 
negative correlations between their modification 
levels and the nucleosome spacing; H3K27mel 
showed a lesser degree of negative correlation; 
and the other histone modifications tested showed 
no obvious correlation (fig. S7). We then performed 
1000 rounds of randomization to redistribute the 
ChIP-sequencing reads onto these well-positioned 
nucleosome pairs. The randomization test results 
showed that the observed negative correlations of 
H3K27me3 and H3K27me2 were statistically 
significant (P < 0.001), whereas those of the other 
modifications were not (fig. S8). 

Although we have tested the impact of nu- 
cleosome spacing on PRC2 activity, the allosteric 
activation of PRC2 by neighboring nucleosomes 
is unlikely to be restricted to one dimension. Local 
compaction of the nucleosome arrays is also fully 
compatible with such activation. Indeed, PRC2 
activity on dispersed oligonucleosomes, but not 
core histones, was stimulated by | to 3 mM of 
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MgCl, (Fig. 2C), which suggests that PRC2 fa- 
vors substrates with a more compact chromatin 
structure. Histone H1 stimulated PRC2 activity on 
dinucleosomes but not mononucleosomes (/3), 
and histone H1 stimulated PRC2 activity on dis- 
persed oligonucleosomes but not dense oligonu- 
cleosomes (Fig. 2D). Moreover, no additive effect 
between H3(31-42) peptide and histone H1- 
mediated PRC2 activation was observed (Fig. 2E), 
suggesting that H1-mediated PRC2 activation is 
likely caused by the compaction of the chromatin 
and the resulting closer neighboring H3 histones. 

To determine which subunit of the PRC2 com- 
plex recognizes the H3(35-42) fragment, we syn- 
thesized a 3,4-dihydroxyphenyl-alanine (DOPA) 
and biotin dual-labeled H3(35—42) peptide (Fig. 3A). 
DOPA can be cross-linked to contacting proteins 
with low background under periodate treatment 
(17). DOPA-conjugated H3(35—42) peptide was 
strongly cross-linked to Su(z)12 in the PRC2 
complex (Fig. 3A) and weakly cross-linked to 
ESC, but did not cross-link to histone methyl- 
transferases NSD2 or Suv4-20h1 (fig. S9A). The 
H3 Arg*’—Ala*® (H3R40A) and His” >Glu*”/ 
Arg*°—>Glu”’ (H39E/R40E) mutant peptides dis- 
played greatly reduced cross-linking signals (fig. 
S9B). In contrast to the H3K27me3 peptide, the 
H3(35—42) peptide did not interact with EED in 
the isothermal titration calorimetry (ITC) assay 
(fig. S10). 

To map the critical region on Su(z)12 that 
responded to the H3(35—42) peptide, we performed 
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systematic mutagenesis of Su(z)12 and purified 
mutant PRC2 complexes by using the Baculo- 
virus expression system (fig. S11). Deletion of 
103 amino acids at the N terminus of Su(z)12 
caused the loss of Nurf55 in the ternary com- 
plex. Nevertheless, deletions of up to 506 amino 


acids at the N terminus of Su(z)12 did not affect 
the formation of active trimeric complexes with 
E(z) and ESC (fig. S11A). We were able to 
reconstitute a mutant PRC2 complex containing 
E(z), ESC, and a truncated Su(z)12 (507 to 630) 
(Fig. 3A), which can be cross-linked by the 
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DOPA-conjugated H3(35—42) peptide (Fig. 3A) 
and robustly activated by the H3(35—42) peptide 
(Fig. 3B). 

This region (507 to 630) contains the highly 
conserved VEFS-BOX (/8) that is important for 
PRC2 activity (19, 20) and includes many highly 
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Fig. 2. Neighboring nucleosomes activated PRC2 activity. (A) Stimulat- 
ing behavior of H3(31—42) peptide on oligonucleosomes. (B) Stimulating 
behavior of H3(31—42) peptide on mono- and dinucleosomes. (C) One to 
3 mM MgCl, stimulated PRC2 activity on dispersed oligonucleosomes but 


not on core histones. (D) Histone H1 stimulated PRC2 activity on dis- 
persed oligonucleosomes but not on dense oligonucleosomes. (E) Histone 
H1 did not further activate PRC2 activity in the presence of the H3(31—42) 
peptide. 
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conserved acidic residues (fig. S11B). Because 
mutating a basic residue R40 or replacing H39 
with an acidic residue greatly abolished the stim- 
ulating activity of H3(35—42) peptide (fig. S5C), 
we reasoned that some of these conserved acidic 
residues on Su(z)12 might be required for its re- 


sponse to the stimulating peptide. Therefore, we 
reconstituted several PRC2 complexes containing 
full-length Su(z)12 carrying various mutations at 
these acidic residues (fig. S11C). One mutant com- 
plex (mutant 26, E548A/E550A/D552A, where 
D indicates Asp) completely lost its preference 


toward dense oligonucleosomes (Fig. 3C). This 
mutant complex can be robustly activated by the 
H3K27me3 peptide but not the H3(35—42) peptide 
(Fig. 3D). It also displayed reduced cross-linking 
by the DOPA-conjugated H3(35—42) peptide (fig. 
S12A). This mutant complex remained intact and 
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H3K27me3 ChIP assay 


Fig. 4. Upon cessation of transcription of the CYP26a1 gene, chromatin 
compaction occurred before the formation of H3K27me3. (A) The CYP26a1 
promoter region with testing primers marked. (B) Experiment scheme. RA, 
retinoic acid. (C) Reverse transcription polymerase chain reaction (RT-PCR) for 


974 


CYP26a1 mRNA levels. (D) Chromatin compaction began at 2 to 4 hours and 
was complete at 8 hours after retinoic acid withdrawal. (E) H3K27me3 estab- 
lishment began at 8 hours and was complete at 36 hours after retinoic acid 
withdrawal. Error bars represent the standard deviation of three repeats. 
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displayed a subunit composition comparable to that 
of the wild-type complex (fig. S12B). Moreover, 
ectopic expression of wild-type mouse Su(z)12 
efficiently rescued the deficiency of H3K27me3 
levels in Su(z)12 null embryonic stem (ES) cells 
(21), but ectopic expression of comparable amounts 
of mouse Su(z)12 mutated at the same residues 
showed a much poorer rescue effect (Fig. 3E). 
These results collectively suggest that allosteric 
activation of PRC2 by neighboring nucleosomes 
is important for the establishment of H3K27me3 
in vivo. 

We propose that active genes are resistant to 
PRC2 activity not only because they carry active 
marks (such as H3K4me3, H3K36me2, and 
H3K36me3) that antagonize PRC2 activity (20, 22) 
but also because the chromatin of actively tran- 
scribing genes is less compact, with a lower nu- 
cleosome density and a lower linker histone H1 
content (5). Once active transcription has ceased 
upon transcription factor dissociation, either the 
chromatin-remodeling events or the incorpora- 
tion of additional histones (including linker his- 
tones) would lead to higher nucleosome density, 
higher H1 content, and more compact chromatin 
structure, which in turn would convert these nu- 
cleosomes from their inert status to ideal sub- 
strates of PRC2. Thus, H3K27me3 could be 
established and lead to further repression of the 
target genes (fig. S13). 

We studied the kinetics of chromatin com- 
paction and H3K27me3 establishment in an 
~1.8-kb region around the transcription start site 
of the CYP26al gene (Fig. 4A) upon transcrip- 
tion cessation, because CYP26a/ is an induc- 
ible gene regulated by retinoic acid (23) and a 
well-established Polycomb target repressed by 
H3K27me3 (23, 24). Mouse ES cells were treated 
with retinoic acid for 36 hours to induce CYP26al1 
expression. Retinoic acid was then withdrawn 


to end the induction, and the cells were har- 
vested at various time points after retinoic acid 
withdrawal (Fig. 4, B and C) to monitor the 
dynamic changes of the chromatin compaction 
status and H3K27me3 levels. The chromatin com- 
paction status was determined by a nuclease ac- 
cessibility assay (25). The tested regions displayed 
much more “open” structures upon induction, 
and they began to be less accessible at 2 to 4 hours 
and fully compacted at 8 hours after retinoic 
acid withdrawal (Fig. 4D). The establishment of 
H3K27me3 began at 8 hours and was complete 
at 36 hours after retinoic acid withdrawal (Fig. 
4E). These results suggest that the local chroma- 
tin compaction precedes the establishment of 
H3K27me3, in agreement with our model. 

The ability of PRC2 to distinguish active 
chromatin (open, marked by H3K4me3 and 
H3K36me2/3) from inactive chromatin (dense, 
marked by H3K27me3) provides a mechanistic 
solution for its ability to maintain (but not to ini- 
tiate) the inactive states of target genes (fig. S13). 
Even so, compacted chromatin is not the sole 
determinant of PRC2 activity. Specific recruit- 
ment of PRC2 by Polycomb response elements 
(PREs) and DNA methylation—mediated antago- 
nistic effect on PRC2 (26) are also important 
contributors for the overall landscape of PRC2- 
mediated H3K27 methylation profile. 
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Phosphofructokinase 1 Glycosylation 
Regulates Cell Growth and Metabolism 
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Cancer cells must satisfy the metabolic demands of rapid cell growth within a continually changing 
microenvironment. We demonstrated that the dynamic posttranslational modification of proteins 
by O-linked B-W-acetylglucosamine (O-GlcNAcylation) is a key metabolic regulator of glucose 
metabolism. O-GlcNAcylation was induced at serine 529 of phosphofructokinase 1 (PFK1) in 
response to hypoxia. Glycosylation inhibited PFK1 activity and redirected glucose flux through the 
pentose phosphate pathway, thereby conferring a selective growth advantage on cancer cells. 
Blocking glycosylation of PFK1 at serine 529 reduced cancer cell proliferation in vitro and impaired 
tumor formation in vivo. These studies reveal a previously uncharacterized mechanism for the 
regulation of metabolic pathways in cancer and a possible target for therapeutic intervention. 


apid physiological response is critical for 
R« growth of tumors, which must sat- 
isfy the metabolic demands of increased 
cell proliferation in the face of a dynamically 


changing microenvironment. Cancer cells re- 
program their cellular metabolism to generate 
molecules such as adenosine triphosphate (ATP), 
nucleotides, lipids, and reduced nicotinamide ad- 


enine dinucleotide phosphate (NADPH) to fa- 
cilitate macromolecular synthesis and maintain 
redox homeostasis (/, 2). Although mutations 
in tumor suppressors and oncogenic pathways 
contribute to these altered metabolic phenotypes 
(/—3), such changes are slower and relatively 
static. In contrast, posttranslational modifica- 
tions such as protein phosphorylation allow cells 
to respond rapidly and reversibly to a wide range 
of signals. 

The dynamic posttranslational glycosylation 
of proteins with O-linked B-N-acetylglucosamine 
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(O-GlcNAcylation) serves as a nutrient sen- 
sor to couple metabolic status to the regula- 
tion of signaling pathways (4—7). O-GlcNAc 
transferase (OGT) catalyzes the transfer of N- 
acetylglucosamine from uridine diphospho-N- 
acetylglucosamine (UDP-GlcNAc) to serine or 
threonine residues of many intracellular proteins, 
including signaling proteins important for insu- 
lin resistance (5), oncogenes and tumor suppres- 
sors (6), and transcriptional coactivators that 
control gluconeogenesis (7). O-GlcNAc levels 
are increased in multiple tumor types, and OGT 
silencing inhibits breast tumor growth and pros- 
tate cancer metastasis (6, 8, 9). 


O-GlcNAcylation can be rapidly induced (/0) 
and is dynamically sensitive to changes in cellular 
UDP-GlcNAc concentrations (4). UDP-GleNAc 
is biosynthesized from several key metabolites, 
including glucose, glutamine, acetyl-coenzyme 
A, uridine, and ATP (//, /2). Consequently, UDP- 
GlcNAc may serve as a functional reporter of 
the status of various metabolic pathways. Indeed, 
UDP-GlcNAc and the hexosamine biosynthesis 
pathway couple growth factor-induced gluta- 
mine uptake to glucose metabolism through N- 
glycosylation of the interleukin-3 (IL-3) receptor 
(11). However, the fates of UDP-GIcNAc, par- 
ticularly the functional consequences of dynamic 


O-GlcNAcylation in the regulation of cell metab- 
olism, remain unknown. 

To test whether O-GlcNAcylation directly 
couples nutrient sensing to cellular metabolism, 
we modulated O-GlcNAc concentrations and 
measured the effects on aerobic glycolysis. Glob- 
al abundance of O-GlcNAc was increased by 
two- to fourfold in human lung cancer H1299 
cells by overexpressing OGT or after pharmaco- 
logical inhibition of B-N-acetylglucosaminidase 
(O-GlcNAcase or OGA), the glycosidase that re- 
moves O-GlcNAc, with O-(2-acetamido-2-deoxy- 
p-glucopyranosylidene)amino-N-phenylcarbamate 
(PUGNAc; Fig. 1A). Increasing the abundance 
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Fig. 1. Effects of O-GlcNAcylation on cellular metabolism and glycosylation of 
PFK1. (A) O-GlcNAcylation in H1299 cell lysates, as determined by immuno- 
blotting for O-GlcNAc after treatment of cells with the OGA inhibitor PUGNAc 
or OGT overexpression. WB, Western blot. (B) Glycolytic rate, lactate pro- 
duction, and relative ATP levels in untreated (Cont), PUGNAc-treated, and 
OGT-overexpressing H1299 cells (n = 5 experiments). (C) PFK1 activity in 
untreated (Cont), PUGNAc-treated, and OGT-overexpressing 293T cells (n = 
5 assays). (D) Detection of PFK1 glycosylation by protein immunoblotting 
after chemoenzymatic labeling of O-GlcNAc residues with UDP-GalNAz and 
the enzyme GalT, followed by reaction with an alkyne-biotin derivative, 
streptavidin precipitation, and elution of the biotinylated proteins. GalT or 
UDP-GalNAz was removed to confirm selective labeling of O-GlcNAc. (E) 
Detection of glycosylated PFK1 in 293T cells stably expressing Flag-tagged 


PFK1 by chemoenzymatic labeling with a 5-kD mass tag (28) and immuno- 
blotting with a Flag antibody. Cells were untreated (Cont), PUGNAc-treated, or 
transfected to overexpress OGT. (F) Induction of PFK1 glycosylation under 
hypoxic conditions. H1299 cells stably expressing Flag-tagged PFK1 were cul- 
tured under 0.5% OQ, for the indicated times and rapidly lysed. Glycosylated 
PFK1 was detected after labeling with a 5-kD mass tag as above. (G) PFK1 
glycosylation in human lung tumor (T) tissues compared to matched normal (N) 
tissues. O-GlcNAc—modified proteins from tissue lysates were biotinylated and 
detected as above. Relative PFK1 glycosylation was normalized using normal 
tissue for each patient. Error bars denote the standard error of the mean 
(SEM). Statistical analysis was performed by one-way analysis of variance 
(ANOVA) and Bonferroni comparison post-test in (B) and (C) and by Student's t 
test in (G) (*P < 0.05, **P < 0.01, ***P < 0.001). 


24 AUGUST 2012 VOL 337 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on August 26, 2012 


of O-GlcNAc resulted in decreased rates of glu- 
cose metabolism relative to those of untreated 
cells under both normoxic and hypoxic condi- 
tions, as measured by the conversion of 5-*H- 
glucose to H30, which is catalyzed by enolase 
in the penultimate step of glycolysis (Fig. 1B 
and fig. S1). Enhancing O-GlcNAcylation also 
led to reduced lactate production and lowered 
cellular concentrations of ATP (Fig. 1B). Similar 


effects were observed in other cells, including 
invasive human lung cancer A549 cells and hu- 
man embryonic kidney 293T cells (fig. S2). Be- 
cause glycolytic flux is 5 to 15 times higher in 
cancer cells than flux through other central path- 
ways in cancer cells (/3), small alterations in 
glycolysis can result in substantial changes in 
the relative flow of branching pathways (/4). 
To assess whether OGT-dependent glycosyla- 
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tion of protein substrates contributes to these 
effects, we stably depleted H1299 and 293T 
cells of OGT through the expression of short 
hairpin RNA (shRNA) (fig. S3). The inhibition of 
OGA in these OGT-deficient cells had no signif- 
icant effect on glucose metabolism, lactate pro- 
duction, or ATP production (fig. $3). 

Nearly all of the enzymes in the glycolytic 
pathway are putative substrates for OGT (/5). 


Fig. 2. Inhibition of PFK1 activity and oligomerization 2 2 2 2 

by glycosylation. (A) Relative activities of WT and S529A A e © 5 6 8 

PFK11 (L isoform) purified from transfected 293T cells under $°3 Pp F 

normoxic or hypoxic conditions. Activities were measured in SS © BW <High oligomer 
the presence of 100 uM F-2,6-BP and 3 mM ATP and were 120 

normalized with respect to the activity of WI PFK1 under => 499 @ = <—Low oligomer 
normoxic conditions (n = 3 assays). (B) Oligomerization = 

state of Flag-tagged PFK1 (L isoform) purified from 293T * 80 

cells under normoxic or hypoxic conditions and from 293T 60 wi adi 

cells overexpressing OGT or treated with PUGNAc under Cc - + += + OGToverexp 
normoxic conditions. Complexes were resolved by nonre- € 40 Pe 

ducing SDS—polyacrylamide gel electrophoresis (SDS-PAGE) @ 99 we: Pek, <= Eilosenous ve 
and visualized by Coomassie blue staining. (C) Coimmuno- 


precipitation (IP) of endogenous PFK1 with Flag-tagged 0 
WT or S529A PFK1 (L isoform) after OGT overexpression. 
Complexes were immunoprecipitated with a Flag antibody 
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conjugated to agarose beads and analyzed by reducing SDS-PAGE, followed by immunoblotting with a PFK1 antibody. Error bars denote SEM. Statistical analysis 


was performed by Student's t test (*P < 0.05). 
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Fig. 3. PFK1 glycosylation at Ser°“” regulates gly- <A B 
colysis, increases PPP flux, and protects cells from o wT $5294 = Wi es 
ROS-mediated cell death. (A) Immunoblotting of a as = 45, _* NS. = : N.S. 
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sured by the rate of “CO. production from glucose ioe Glee epee ees 
via the PPP (n = 3 assays). (D) Percentage of central 
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WT PFK1 Cont and were assessed using a colorimetric 400 2 @o4 w 1 
assay and the thiol probe monochlorobimane, re- 0 0 0 0 
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Thus, we modulated amounts of O-GlcNAc in 
293T cells and assayed the activity of each 
enzyme in the pathway. Increased amounts of 
O-GlcNAc led to decreased activity of phospho- 
fructokinase 1 (PFK1), a major regulatory en- 
zyme that controls flux through glycolysis (/6) 
(Fig. 1C). No change in the expression of PFK1 
protein was observed (fig. $3). Enhancing the 
abundance of O-GlcNAc had little effect on other 
key regulatory points in the pathway, including 
hexokinase, phosphoglycerate kinase, and pyru- 
vate kinase (fig. S4), nor did it affect other gly- 
colytic enzymes. 

To assess whether PFK1 is directly O- 
GlcNAcylated, we selectively labeled O-GlcNAc— 
modified proteins from 293T cell lysates with a 
non-natural azido sugar through exposure to an 
exogenous galactosyltransferase enzyme that 
specifically glycosylates terminal GlcNAc sugars 
(15, 17) (fig. S5). Labeled proteins were then 
biotinylated through [3+2] azide-alkyne cyclo- 
addition chemistry and isolated with streptavidin- 
agarose beads. Immunoblotting of the purified 
proteins with an antibody to PFK1 showed strong 
O-GlcNAcylation of PFK1 (Fig. 1D), which was 
further enhanced by overexpression of OGT 
(fig. S5). We also generated a stable cell line 
expressing Flag-tagged PFK1 and selectively 
labeled O-GleNAc—modified proteins in the ly- 
sate with a S-kD polyethylene glycol (PEG) mass 
tag to shift their molecular mass (/8). Immuno- 
blotting with an antibody to Flag enabled direct 
visualization of both the nonglycosylated and 
glycosylated species of Flag-PFK1 (Fig. 1E). The 
population of glycosylated PFK1 significantly in- 
creased upon OGT overexpression or OGA inhi- 
bition. Moreover, PFK1 glycosylation was induced 
under hypoxic conditions within minutes and ac- 


cumulated in a time-dependent manner on 32.3 + 
3.8% of PFK1 (Fig. 1F and fig. S6). Glycosylation 
was also stimulated when cells were deprived 
of glucose (13.3 + 2.2%; fig. S6), consistent with 
previous reports that O-GlcNAc levels and OGT 
expression are increased by nutrient deprivation 
and other forms of cell stress (79, 20). 

PFK1 was glycosylated in multiple cell lines 
from human solid tumors, including breast, 
prostate, liver, colon, and cervical cells, and gly- 
cosylation was greater in malignant than in non- 
tumorigenic breast and prostate cell lines (fig. S7). 
Glycosylation of PFK1 also occurred in human 
breast and lung tumor tissues and was signifi- 
cantly elevated by two- to fourfold in the majority 
of tumors relative to tumor-adjacent normal tis- 
sues from the same patient (Fig. 1G and fig. S8). 
Low-stage (stages I and II) lung adenocarcinoma 
tumors exhibited on average a 1.8-fold increase 
in PFK1 glycosylation as compared to that of 
the matched normal tissue, whereas high-stage 
(stages III and IV) lung adenocarcinomas showed 
an average 3.2-fold increase in glycosylation. 
PFK1 glycosylation was not induced in rapidly 
proliferating normal mouse T lymphocytes and 
human dermal fibroblast cells, as compared to 
their quiescent counterparts (fig. S9). Thus, PFK1 
is modified with O-GlcNAc in cancer cells both 
in vitro and in vivo, and glycosylation is increased 
specifically under conditions associated with 
tumorigenesis and tumor growth. 

To identify the glycosylation site(s) on PFK1, 
we transiently overexpressed Flag-tagged PFK1 
and OGT in 293T cells. After immunoprecipi- 
tation and proteolytic digestion of PFK1, O- 
GlcNAcylated peptides were enriched by wheat 
germ agglutinin lectin affinity chromatography 
and subjected to electron transfer dissociation 


mass spectrometry analysis. We identified a sin- 
gle site of glycosylation at Ser’, a highly con- 
served residue important for allosteric regulation 
of PFK1 by fructose-2,6-bisphosphate (F-2,6-BP) 
(2/) (fig. S10). F-2,6-BP is the dominant activa- 
tor of PFK1 at the high ATP concentrations (2 to 
5 mM) found in cancer cells (22). The mutation 
of Ser”? to alanine (S529A) abolished the gly- 
cosylation of PFK1 in 293T cells, whereas ala- 
nine mutation of Thr’”’ had no effect (fig. S10). 

Although no structure of human PFK1 is 
available, we used the Saccharomyces cerevisiae 
structure, which shares 82% sequence identity 
within the F-2,6-BP binding site, and the rabbit 
structure, which shares 97% sequence identity, 
to generate structural models of rabbit PFK1 
complexed to F-2,6-BP and O-GlcNAcylated 
rabbit PFK1 (fig. S11; the root mean square de- 
viation between the rabbit and yeast structures 
was only 1.70 A). Ser”? formed a hydrogen bond 
with the 2-phosphate group of F-2,6-BP, and the 
O-GlcNAc moiety occupied the F-2,6-BP— 
binding pocket, indicating that O-GlcNAcylation 
might inhibit PFK1 activity by blocking binding 
of F-2,6-BP and disrupting PFK1 oligomerization. 

To further examine the effects of O- 
GlcNAcylation on PFK1 activity, we expressed 
human Flag-tagged PFK1 (L, M, and P isoforms) 
in 293T cells in the presence or absence of hy- 
poxic conditions, which enhance PFK1 glyco- 
sylation. Increasing O-GlcNAcylation of PFK1 
by 25 to 33% because of hypoxia decreased the 
activity of all three isoforms by 21 to 36%, with 
the L and P isoforms being most sensitive to gly- 
cosylation (Fig. 2A and fig. S12).We then focused 
on the L isoform of PFK1, whose expression is 
enhanced in multiple cancer cells (23). Hypoxia 
produced no significant change in PFK1 activity 
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Fig. 4. PFK1 glycosylation contributes to cell proliferation and tumor growth. 
(A) Cell proliferation rates under hypoxic conditions of WT and $529A PFK1 
H1299 rescue cells with and without OGT overexpression, as measured by 
the amount of cellular ATP (n = 3 experiments). (B) Cell proliferation rates 
under hypoxic conditions of H1299 cells infected with lentiviruses con- 
taining scrambled or PFK1 shRNA constructs after no treatment (Cont), OGT 
knockdown, or OGT overexpression (n = 3 experiments). (C) Tumor forma- 
tion in nude mice injected with WT or $529A PFK1 H1299 rescue cells with 
and without OGT overexpression. (Left, top) Dissected tumors after 7 weeks 


of growth in mice injected with WT cells on the left flank and $529A cells on 
the right flank. (Left, bottom) PFK1 glycosylation in tumor lysates orig- 
inating from WT or S529A H1299 rescue cells after labeling with a 5-kD 
mass tag and immunoblotting with Flag antibody. (Right) Masses of the 
dissected tumors. Each x represents the mass from one mouse; the hori- 
zontal red line indicates the mean tumor mass. Error bars denote SEM. Sta- 
tistical analysis was performed by one-way ANOVA and Bonferroni comparison 
post-test in (B) and (C) and by Student's ¢ test in (A) (*P < 0.05, **P < 0.01, 
***P < 0.001; N.S., not significant). 
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when Ser”? was mutated to alanine (Fig. 2A). 
Similar effects on PFK1 activity were observed 
when O-GIcNAcylation was increased by means 
of other cellular treatments (fig. $13). Further- 
more, glycosylation inhibited PFK1 activity across 
a wide ATP concentration range in the presence 
and absence of F-2,6-BP (fig. S14). Consistent 
with the importance of Ser*”? in recognition of 
the allosteric activator, the activity of SS29A PFK1 
was impaired at lower F-2,6-BP concentrations 
(fig. S15). Therefore, we examined the effects of 
glycosylation in the presence of endogenous 
F-2,6-BP concentrations in 293T cells or 8.5 uM 
F-2,6-BP, which is within the physiological range 
for cancer cells (24). In both cases, the activity 
of wild-type (WT) PFK1 was significantly lower 
than that of S529A PFK1 when glycosylation 
was induced by hypoxia (fig. S16). Glycosylation 
thus exerts a strong inhibitory effect on PFK1 
activity, and the mutation of Ser”? to Ala res- 
cues the inhibitory effect. These results indicate 
that O-GlcNAcylation of PFK1 at Ser”? pro- 
vides a mechanism to overcome the allosteric 
regulation of PFK1 by ATP and F-2,6-BP. 

F-2,6-BP slows the dissociation of com- 
plexes of PFK1 and promotes the association 
of PFK1 into tetramers and higher oligomers 
with enhanced catalytic activity (16). We ex- 
pressed Flag-tagged PFK1 in 293T cells under 
normoxic or hypoxic conditions. After hypoxia 
treatment, a fraction of PFK1 exhibited faster 
mobility during native gel electrophoresis (Fig. 
2B). A similar shift in mobility was observed 
when PFK1 glycosylation levels were increased 
by OGT overexpression or OGA inhibition and 
when PFK1 was heat-denatured (fig. S17), 
suggesting that this complex represents a lower 
oligomeric state of PFK1. We also examined the 
association of Flag-tagged PFK1 with endogenous 
PFK1 by coimmunoprecipitation. Overexpres- 
sion of OGT impaired the coimmunoprecipita- 
tion of PFK1 subunits, and this effect was blocked 
by alanine mutation of Ser??? (Fig. 2C). Thus, 
O-GlcNAcylation not only inhibits the activity of 
PFK1 but also appears to perturb the equilibrium 
between different oligomeric forms. 

To test the effects of PFK1 glycosylation on 
cellular metabolism, we depleted endogenous 
PFK1 and stably expressed Flag-tagged WT or 
S529A PFK1 in H1299 cells (henceforth referred 
to as WT PFK1 or S529A PFK1 rescue cells; 
Fig. 3A). Upon OGT overexpression, cells ex- 
pressing WT PFK1 exhibited reduced glycolysis 
and lactate production relative to control cells 
(Fig. 3B). No change in glycolytic rate or lactate 
production was observed in cells expressing 
S529A PFK1 upon OGT overexpression. 

Suppressing glycolysis can redirect metabolic 
flux down the oxidative pentose phosphate path- 
way (PPP) (25, 26), providing cells with pentose 
sugars for nucleotide and nucleic acid biosyn- 
thesis, as well as NADPH to combat oxidative 
stress (25-27). We observed both increased 
total and proportional flux through the oxida- 
tive PPP pathway, as measured by the amount 


of released '4CO, from [1-'*C]-glucose, and by 
relative accumulation of singly versus doubly 
['$C]-labeled lactate from a [1,2-'*C]-glucose 
feed, when O-GlcNAcylation was enhanced in 
WT PFK1 rescue cells (Fig. 3, C and D). In contrast, 
PPP flux remained unaffected in S529A PFK1 
rescue cells; however, it was increased as com- 
pared to that of untreated WT PFK1 rescue cells, 
possibly because of inhibitory effects of the 
S529A mutation on PFK1 activity (fig. S15). 

PPP flux generates NADPH, which maintains 
a pool of reduced glutathione (GSH) and com- 
bats reactive oxygen species (ROS)—mediated 
cell death (24, 28). Consistent with increased 
PPP flux, enhancing abundance of O-GlcNAc by 
OGT overexpression in WT PFK1 rescue cells 
led to 1.6-fold and 4-fold increases in amounts 
of NADPH and GSH, respectively (Fig. 3E). 
Blocking glycosylation of PFK1 at Ser’? pre- 
vented the increase in NADPH and partially pre- 
vented the increase in GSH. Amounts of NADPH 
and GSH were also increased under hypoxic con- 
ditions in WT PFK1 rescue cells as compared 
to those in S529A PFK1 rescue cells (Fig. 3F). 
Furthermore, untargeted metabolite profiling by 
high-resolution flow-injection mass spectrometry 
(29) revealed enhanced steady-state concentra- 
tions of GSH, amino acids, and nucleotide pre- 
cursors in WT PFK1 rescue cells relative to 
those in S529A PFK1 rescue cells (table S1). We 
measured the sensitivity of H1299 cells to ROS- 
mediated cell death upon overexpression of OGT. 
Enhancing O-GlcNAcylation prevented the in- 
crease in ROS levels induced by diamide (Fig. 3G) 
and protected the cells from hydrogen peroxide— 
mediated cell death (Fig. 3H). Thus, increases in 
PPP flux induced by PFK1 glycosylation might 
help promote cancer cell survival. 

Cells expressing the S529A mutant prolifer- 
ated more slowly than cells expressing WT PFK1 
under hypoxic conditions, which is consistent 
with reduced flux through the PPP (Fig. 4A). The 
proliferation rate of WT PFK1-expressing cells 
was enhanced further upon OGT overexpression, 
whereas that of S529A PFK1-expressing cells 
was unchanged. OGT overexpression increased, 
whereas OGT depletion decreased, cell prolifer- 
ation under hypoxic conditions (Fig. 4B). Deple- 
tion of PFK1 abolished these effects, indicating 
that O-GlcNAcylation stimulates cell prolifera- 
tion through a PFK 1-dependent mechanism (al- 
though decreasing PFK1 expression may blunt 
the differences in cell growth). 

We injected immunocompromised mice (nu/nu) 
with WT PFK1 or S529A PFK1 rescue cells in 
the presence or absence of OGT overexpression 
(fig. S18) and assayed for tumor formation. Mice 
injected with S529A PFK1 rescue cells showed 
decreased tumor mass as compared to mice in- 
jected with WT PFK1 rescue cells (Fig. 4C). More- 
over, overexpression of OGT in WT PFK1 rescue 
cells enhanced tumor growth but had no signif- 
icant effect on S529A PFK1 rescue cells. Protein 
immunoblot analysis confirmed that the Flag- 
tagged WT or S529A PFK1 proteins were re- 
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tained in the tumors and that WT PFK1 was 
O-GlcNAcylated (Fig. 4C). Under these condi- 


tions, glycosylation of PFK1 at Ser>”’ provides a 


critical growth advantage to tumor cells in vivo. 

We demonstrated that O-GlcNAc glycosyla- 
tion directly regulates glycolysis and reroutes 
metabolic flux through pathways critical for can- 
cer cell proliferation and survival. O-GlcNAc can 
simultaneously sense and redirect flow through 
essential metabolic pathways, specifically through 
the modulation of PFK1 activity, adding a pre- 
viously unrecognized mode of regulation to this 
glycolytic enzyme. Furthermore, because UDP- 
GlcNAc represents a key point of pathway in- 
tegration and enables the cell to monitor the 
balance between glucose and glutamine uptake 
(11, 12), O-GlcNAcylation of PFK1 may provide 
an important mechanism to link the availability 
of both carbon and nitrogen sources for the cell 
to the production of metabolites necessary for 
sustaining rapid tumor growth. 

Hypoxia also activates PFK1 glycosylation, 
thereby redirecting a larger fraction of the glu- 
cose flux through the PPP and increasing bio- 
synthetic precursors, as well as reducing power 
from increased NADPH and GSH, to impart a 
growth advantage to cancer cells. Our results 
suggest that dynamic physiological inhibition 
of PFK1 may be a major regulatory point for 
central carbon flow. Blocking PFK1 glycosyl- 
ation to enhance its activity and reset cellular 
metabolism toward normal cell growth could there- 
fore provide a new strategy to combat cancer. 
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The synaptic adhesion molecules neurexin and neuroligin alter the development and function 

of synapses and are linked to autism in humans. Here, we found that Caenorhabditis elegans 
neurexin (NRX-1) and neuroligin (NLG-1) mediated a retrograde synaptic signal that inhibited 
neurotransmitter release at neuromuscular junctions. Retrograde signaling was induced in mutants 
lacking a muscle microRNA (miR-1) and was blocked in mutants lacking NLG-1 or NRX-1. 
Release was rapid and abbreviated when the retrograde signal was on, whereas release was slow 
and prolonged when retrograde signaling was blocked. The retrograde signal adjusted release 
kinetics by inhibiting exocytosis of synaptic vesicles (SVs) that are distal to the site of calcium 
entry. Inhibition of release was mediated by increased presynaptic levels of tomosyn, an inhibitor 


of SV fusion. 


n Caenorhabditis elegans, a retrograde syn- 

aptic signal from muscle to motor neurons 

inhibits acetylcholine (ACh) release at neu- 
romuscular junctions (NMJs) (7). This retrograde 
signal is induced by inactivation of a muscle 
microRNA (miR-1) and is abolished by inac- 
tivating the transcription factor MEF-2, a miR-1 
target (/). In mir-1 mutants, endogenous and 
evoked excitatory postsynaptic currents (EPSCs) 
recorded from body muscles were both dimin- 
ished (Fig. 1), whereas synapse density is un- 
altered (/). Quantal content was significantly 
reduced in mir-] mutants, indicating decreased 
ACh release during evoked responses (Fig. 1E). 

Because postsynaptic neuroligin promotes 
maturation of presynapses and stimulates neuro- 
transmitter release in mice (2-4), we tested the 
idea that C. elegans neurexin (NRX-1) and neu- 
roligin (NLG-1) are required for the retrograde 
signal. Consistent with this idea, the endogenous 
and evoked EPSC defects observed in mir-7 mu- 
tants were eliminated in mir-1; nlg-] and mir-1; 
nrx-1 double mutants (Fig. | and fig. $1). Retro- 
grade inhibition of ACh release in mir-1; nlg-1 
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double mutants was reinstated by transgenes ex- 
pressing NLG-1 in cholinergic motor neurons but 
not by those expressed in body muscles. Analo- 
gous rescue experiments suggested that NRX-1 
functioned in body muscles (fig. S1, B and D). 

The n/g-/ promoter expressed green fluores- 
cent protein (GFP) in cholinergic motor neurons 
but not in GABAergic neurons (fig. S2, A and 
B). When expressed in cholinergic DA and DB 
motor neurons, NLG-1::GFP exhibited a punc- 
tate distribution in dorsal cord axons but was 
diffuse in ventral cord dendrites (fig. S2C). Dor- 
sal cord NLG-1 puncta colocalized with a synap- 
tic vesicle (SV) marker (mCherry-tagged UNC-57 
endophilin) (fig. S2C) (5). NRX-1::GFP expressed 
in body muscles was also punctate in the nerve 
cords, and these NRX-1 puncta were often close- 
ly apposed to presynaptic UNC-57 puncta (fig. 
S2D). Thus, NLG-1 and NRX-1 were pre- and 
postsynaptic, respectively, at cholinergic NMJs, 
opposite in polarity to their mammalian counter- 
parts. Other examples of reversed polarity in- 
clude presynaptic NLG-1 in worms (6, 7) and 
postsynaptic mouse and fly neurexins (8—/0). 

If trans-synaptic adhesion mediates the retro- 
grade signal, NRX-1 should bind directly to 
NLG-1. In transfected cells, we expressed a trun- 
cated NRX-1 containing the putative neuroligin 
binding site (LNS6) (NRX-1I[LNS6/HA]) and a 
soluble NLG-1 containing the entire extracellular 
domain fused to the immunoglobulin G Fe domain 
(NLG-1/Fc) (fig. $3). As expected, a significant 
fraction of NRX-1[LNS6/HA] bound to NLG-1/Fc 


when calcium was added but not when calcium 
was omitted (fig. S3B, lanes 4 and 5). No binding 
was observed between Fc and NRX-1[LNS6/HA] 
(lanes 2 and 3). 

Next, we analyzed n/g-/ and nrx-] mutants 
for altered synapse development. Cholinergic 
NMJs were visualized with GFP-tagged pre- 
(SNB-1 synaptobrevin) and postsynaptic (ACR-16 
ACh receptors) markers (fig. S4). The fluorescent 
intensity and density of pre- and postsynaptic 
puncta were unaltered in n/g-/ and nrx-/ mutants. 
The rate and amplitude of endogenous EPSCs 
were also unchanged in n/g-/ and nrx-/ mutants 
(Fig. 1B and fig. S1B). Therefore, inactivation of 
NLG-1 and NRX-1 did not grossly alter the 
morphology or formation of cholinergic NMJs. 

If NRX-1 mediates the retrograde signal, 
its expression or function should be altered in 
mir-1 mutants. Consistent with this idea, the 
fluorescent intensity of postsynaptic NRX-1 punc- 
ta was increased in mir-/ mutants (40% increase, 
P< 0.001), and this effect was eliminated in 
mir-1 mef-2 double mutants (Fig. 1, F to H), in 
which retrograde signaling is abolished (/). Thus, 
inducing the retrograde signal increased post- 
synaptic NRX-1 levels, consistent with NRX-1 act- 
ing downstream of miR-1 in this pathway. The 
NRX-1::GFP construct contains a promoter (myo-3) 
and 3’ untranslated region (unc-54) that are not 
regulated by miR-1 (/); consequently, the effects 
of miR-1 and MEF-2 on NRX-1 expression are 
likely mediated by an indirect mechanism. 

How does the retrograde signal alter ACh 
release? Evoked responses in mir-7 mutants had 
decreased amplitude (Fig. 1E), faster decay (Fig. 
2, A and B), and faster charge transfer (Fig. 2, C 
and D). To determine if these effects were caused 
by intrinsically faster muscle ACh responses, we 
analyzed endogenous EPSCs, which correspond 
to responses evoked by one SV fusion (//). Be- 
cause endogenous EPSC kinetics were unal- 
tered in mir-J mutants (fig. S5), the smaller 
evoked responses in mir-J mutants most likely 
resulted from faster and more abbreviated ACh 
release. 

By contrast, quantal content was significantly 
increased when the retrograde signal was inacti- 
vated (in nrx-J and n/g-/mutants) (Fig. 1E and 
fig. S1D) but was not further increased in nrx-/; 
nlg-1 double mutants (n/g-1 n = 13, 872.1 + 
109.3; nrx-1; nlg-1 n = 6, 712.7 + 53, P= 0.32), 
consistent with NLG-1 and NRX-1 functioning 
together in this process. In n/g-/ mutants, evoked 
responses exhibited slower decay and slower charge 
transfer, which were rescued by transgenes 
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expressing NLG-1 in motor neurons (Fig. 2, A to 
D, and fig. S6J). Endogenous EPSC kinetics 
were unaltered in n/g-J mutants (fig. S5). Con- 
sequently, the larger evoked responses in n/g-7 mu- 
tants most likely resulted from slower and more 
prolonged ACh release. We could not analyze 
release kinetics in nrx-] mutants owing to their 
faster quantal responses (fig. S5), which con- 
founds this analysis. The effects of miR-1 on 
evoked EPSC decay and charge transfer kinetics 
were eliminated in mir-1; nlg-1 (Fig. 2, E to H), 
mir-1; nrx-1 (fig. S6, E to H), and mir-1 mef-2 
(fig. S7) double mutants. Collectively, these re- 
sults indicate that MEF-2, NRX-1, and NLG-1 
all act downstream of miR-1 to mediate retrograde 
regulation of release kinetics. 
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Fig. 1. The retrograde signal was 
induced in mir-1 mutants and in- 
activated in nlg-1 mutants. En- 
dogenous (A and B) and evoked 
EPSCs (C to E) were recorded from 
adult body wall muscles. Repre- 
sentative traces of endogenous 
EPSCs (A), averaged evoked re- 
sponses (C and D), and summary 
data (B and E) are shown. The 
effects of miR-1 on EPSC rate and 
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quantal content were eliminated in mir-1; nlg-1 double mutants. (B and E) 
Retrograde inhibition was reinstated in mir-1; nlg-1 double mutants by 
nlg-1 transgenes expressed in cholinergic motor neurons (ACh rescue) but 
not by those expressed in body muscles (muscle rescue). (F to H) Ex- 
pression of GFP-tagged NRX-1 in body muscles was analyzed. NRX-1 puncta 
fluorescence in the dorsal cord was significantly increased in mir-1 mutants. 


Synaptic transmission was analyzed in mouse 


triple knockouts lacking NL1, NL2, and NL3 (3); 
however, the kinetics of evoked responses were 
not analyzed (3). When these data were reanalyzed, 
evoked EPSCs decayed significantly more slow- 
ly in NL1/2/3 triple knockouts than in single- and 


double-knockout controls (fig. S8). The slower 


decay in triple knockouts likely resulted from a 
presynaptic change as mEPSC decay kinetics were 
unaltered. The kinetics of evoked and sponta- 
neous IPSCs were not significantly altered in the 
NL1/2/3 triple knockouts (fig. S8), indicating that 
this effect may be specific for glutamatergic syn- 
apses. Prolonged postsynaptic responses are also 
observed in mice expressing an autism-associated 
NL3 allele (R451C) and in NL4 knockouts (/2, /3). 


— wild type 
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Thus, neuroligins shape evoked response kinetics 
at worm and mouse synapses and can induce 
this effect from either a pre- or a postsynaptic 
location. 

How does the retrograde signal regulate re- 
lease kinetics? SVs that are closer to calcium 
channels are expected to fuse more rapidly; con- 
sequently, the retrograde signal could adjust re- 
lease kinetics by altering the ratio of proximal 
and distal SV fusions. To test this idea, we an- 
alyzed the effect of EGTA on EPSC kinetics. 
Because it binds calcium slowly, EGTA has little 
effect on fusion of SVs that are adjacent to cal- 
cium channels but potently inhibits fusion of SVs 
that are distal (or loosely coupled) to calcium 
channels (/4). In wild-type animals treated with 
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images (F) and mean (G) and cumulative probability distributions (H) of 
puncta intensity are shown. Values that differ significantly are indicated 
(***P < 0.001; **P < 0.01; ns, not significant). The number of animals 
analyzed is indicated for each genotype. Error bars indicate SEM. Scale bar 
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membrane-permeant EGTA (40 uM EGTA-AM), 
evoked responses had decreased amplitude and 
quantal content and faster decay, all consistent 
with decreased fusion of distal SVs (Fig. 3). After 
EGTA-AM treatment, the quantal content, EPSC 
decay, and evoked current amplitude observed in 
wild-type, mir-1, and n/g-/ mutants were very 
similar (Fig. 3). Thus, EGTA-AM eliminated the 
effects of miR-1 and NLG-1 on release, indicating 
that the retrograde signal inhibits ACh release and 
accelerates release kinetics by inhibiting fusion 
of distal SVs. 


Fig. 2. Activating and inacti- A 
vating the retrograde signal had 
opposite effects on the kinetics 
of evoked responses. Evoked 
EPSCs were compared for the 
indicated genotypes. For each 
genotype, averaged evoked re- 
sponses (A and E), decay ki- 
netics (B and F), cumulative 
transfer of quantal charge (C 
and G), and charge transfer 
kinetics (D and H) are shown. 
“Rescue” refers to transgenic 
animals expressing NLG-1 in cho- 
linergic neurons of nlg-1 single 
mutants (B and D) and in mir-1; 
nlg-1 double mutants (E to H). 
Values that differ significantly 
from wild-type controls are indi- 
cated (***P < 0.001; **P < 0.01; 
* P< 0.05). The number of ani- 
mals analyzed is indicated for 
each genotype. Error bars indi- 
cate SEM. 
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The retrograde signal could inhibit release by 
altering the distribution of presynaptic molecules 
that regulate SV fusion. The synaptic abundance 
of two active-zone proteins (SYD-2/aLiprin and 
UNC-10/RIM) is unaffected in mir-/ mutants 
(J). To further investigate this idea, we analyzed a 
third presynaptic protein, TOM-1/tomosyn. In 
tom-I mutants, ACh release is increased, evoked 
EPSCs decay slowly, and the docking of SVs 
that are distal to dense projections increase corre- 
spondingly (/5, /6). Therefore, like the retrograde 
signal, TOM-1 inhibits fusion of distal SVs. 
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We analyzed the synaptic abundance of GFP- 
tagged TOM-1, which is colocalized with SVs at 
presynaptic terminals (/5). TOM-1 puncta fluo- 
rescence was modestly increased in mir-/ mutants 
(15% increase, P < 0.05), and this effect was 
eliminated in mir-1; nlg-] double mutants (Fig. 4, 
A and B), indicating that the retrograde signal 
increased TOM-1 levels at presynapses. We next 
analyzed synaptic transmission in tom-1 mir-1 dou- 
ble mutants. The effects of miR-1 on endogenous 
EPSC rate, quantal content, and evoked EPSC de- 
cay kinetics were eliminated in tom-/ mir-1 double 
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Fig. 3. The effects of the retrograde signal on evoked responses are eliminated by EGTA. (A) Averaged 
; evoked responses are compared for wild-type, mir-1, and nlg-1 mutants with and without EGTA-AM 
; treatment. (B) Summary data are shown comparing evoked EPSC amplitude, decay kinetics, and quantal content. The numbers of animals analyzed 
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mutants (Fig. 4, C to F). This double-mutant 
analysis strongly supports the idea that TOM-1 
acts downstream of miR-1. In mir-/ single mu- 
tants, 64% of the EGTA-sensitive component of 
evoked ACh release was eliminated (Fig. 3). If the 
mir-1 mutation had a similar effect in tom-] mir-1 
double mutants, quantal content would be reduced 
by 48%, whereas we observed a slight increase 
(6.2%, P = 0.67) compared to tom-J single 
mutants. These results suggest that the retrograde 
signal bidirectionally adjusts the exocytosis 


rate of distal SVs and that it does so by regulat- 
ing TOM-1. 

Neurexin and neuroligin mutations linked to 
autism spectrum disorders (ASDs) and schizo- 
phrenia are proposed to alter cognition by per- 
turbing synapse development (/7). Our results 
support an additional mechanism whereby these 
mutations prolong postsynaptic responses. Mu- 
tations inactivating n/g-1, nrx-1, and mef-2 in 
C. elegans were all associated with prolonged 
ACh release. Mutations in the corresponding 
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human genes are all linked to ASD (/8—20). 
Other ASD-linked mutations alter postsynaptic 
response kinetics by other mechanisms, includ- 
ing altered expression of postsynaptic receptors 
(12, 13, 21) and altered clearance of secreted neu- 
rotransmitter (22). 

Prolonged synaptic responses could have sev- 
eral important effects on circuit development and 
function. Prolonged responses would alter spike- 
timing—dependent plasticity and the temporal and 
spatial resolution of sensory responses. Functional 
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Fig. 4. TOM-1/tomosyn is required for the retrograde signal. (A and B) GFP-tagged 
TOM-1 was expressed in DA and DB motor neurons, and puncta fluorescence was 
analyzed in the dorsal nerve cord. Representative images (A) and mean and cumu- 
lative probability distributions of puncta intensity (B) are shown. TOM-1 puncta 
intensity was significantly increased in mir-1 mutants. This effect was eliminated in 
mir-1; nlg-1 double mutants. Scale bar (A), 5 um. (C to F) Endogenous (C and D) and 
evoked EPSCs (E and F) were recorded from adult body wall muscles. Representative 
traces of endogenous EPSCs (C), averaged evoked responses (E), and summary data (D 
and F) are shown. The effects of miR-1 on EPSC rate, quantal content, and evoked 
decay kinetics were eliminated in tom-1 mir-1 double mutants. Values that differ 
significantly from wild-type controls are indicated (***P < 0.001; **P < 0.01; ns, not 
significant). The number of animals analyzed is indicated for each genotype. Error bars 
indicate SEM. 
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imaging studies of ASD children indicate that 
acoustic responses are slower and that multisen- 
sory responses are integrated over a longer time 
window (23, 24), both consistent with slow and 
prolonged sensory responses. These results sug- 
gest that altered kinetics of synaptic responses 
could be an important cellular defect in ASD. 
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Strategy-Dependent Encoding of 
Planned Arm Movements in the 
Dorsal Premotor Cortex 


Thomas M. Pearce and Daniel W. Moran* 


The kinematic strategy encoded in motor cortical areas for classic straight-line reaching is 
remarkably simple and consistent across subjects, despite the complicated musculoskeletal 
dynamics that are involved. As tasks become more challenging, however, different conscious 
strategies may be used to improve perceived behavioral performance. We identified additional 
spatial information that appeared both in single neurons and in the population code of monkey 
dorsal premotor cortex when obstacles impeded direct reach paths. The neural correlate of 
movement planning varied between subjects in a manner consistent with the use of different 
strategies to optimize task completion. These distinct planning strategies were manifested in the 
timing and strength of the information contained in the neural population code. 


umans and other primates are adept at 

reaching for visually identified targets, 

an important element of the behavioral 
repertoire. The neural mechanisms supporting 
this have long been an active area of investiga- 
tion. For reaching movements, the output of the 
motor system is a sequence of muscle activations 
that guide the hand appropriately through space 
to achieve the goal of the reach. Before move- 
ment initiation, sensory information and cogni- 
tive processes interact to form an initial movement 
plan. During this preparatory period, neural ac- 
tivity relating to the upcoming reach can be seen 
in a network of frontal and parietal cortical areas, 
including the premotor (PM) and primary motor 
(M1) cortices (/—-4). Instructed-delay reaching 
tasks, an experimental paradigm in which a monkey 
is shown a target but must withhold movement until 
a “go” cue is given, allow this preparatory neural 
activity to be probed. Electrophysiological (5—7), 
imaging (8, 9), and transcranial magnetic stimu- 
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lation (/0) studies highlighted dorsal premotor 
cortex (PMd) as a critical area for planning 
reaching movements. However, the precise rela- 
tionship between neural activity in PMd and 
reaching behavior remains unresolved. Many 
PMd neurons show a sensitivity of firing rate to 
direction, be it the direction of arm movement 
(/, 6, 11, 12), an effector in visual space (/3), a 
target location (/4), visuospatial attention (15, 16), 
or other parameters. Unfortunately, nearly all of 
these factors correlate with each other under 
normal circumstances: The hand movement and 
visual movement are correlated, the target di- 
rection and movement direction are correlated, 
and so forth. Neural activity related to any of 
these parameters will thus also correlate with the 
others. The widely used center-out task (/7), in 
which a subject makes hand movements in all 
directions from a central starting point, is par- 
ticularly susceptible to this limitation. To inter- 
rogate directional tuning properties in more detail, 
tasks designed to decorrelate certain aspects of the 
behavior, such as arm movement from visual 
cursor movement (/3, /8) or position from ve- 
locity (19), are commonly used. We dissociated 


target direction from initial movement direction, 
allowing us to independently examine the effects 
of target and planned movement directions on 
preparatory neural activity. 

To investigate the importance of target se- 
lection and motor planning in PMd and provide a 
framework for relating our findings to classic 
center-out-based studies of motor cortical func- 
tion, we adopted the following experimental ap- 
proach: (i) train rhesus macaques to perform two 
reaching tasks, a standard center-out and a com- 
plex obstacle-avoidance paradigm; (ii) record 
single-unit activity from PMd while the monkeys 
perform both tasks in a blocked design; (iti) 
quantify the relationship between the firing of 
individual neurons and various parameters by 
fitting cosine tuning curves; (iv) construct pop- 
ulation decoding models from these tuning proper- 
ties; (v) evaluate the performance of the models 
at predicting behavior by decoding the recorded 
neural responses. 

The behavioral tasks consist of arm move- 
ments in free space within a virtual reality simula- 
tor, with hand position mapped onto a frontoparallel 
plane (20) (Fig. 1 and fig. S1). Both tasks involve 
a set of instructed delay periods with information 
revealed sequentially before a go cue. The basic 
center-out task consists of direct reaching move- 
ments in eight directions from five different start- 
ing locations. Because the hand is held at different 
locations and the target is unknown during delay 
1, the preferred position gradient for each neuron 
can be determined without interference from the 
formation of a movement plan. In the second 
delay period, the target is revealed; during this 
time, neuronal preferred direction can be deter- 
mined analogous to prior studies. The obstacle- 
avoidance task begins with the same delay sequence 
but with a single, central starting position. During 
a third delay period, an obstacle is revealed that 
may or may not require the monkey to make an 
indirect hand trajectory to reach the target suc- 
cessfully. In both tasks, after a random-length 
final delay, the sphere representing the start po- 
sition is extinguished, indicating that the reach 
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can begin. Successful movements (those that ac- 
quire the target while avoiding the obstacle, if 
necessary) are rewarded after a target hold period. 
Two monkeys performed the reaching tasks while 
acute intracortical recordings were taken from 
contralateral PMd (20). A total of 723 single 
units were recorded (monkey G, 343; monkey 
H, 380). 

Population vector (PV) analysis (77) was used 
to investigate the spatial and temporal aspects of 
the neuronal population representation of planned 
and executed movements. Position and velocity 
encoding of the hand are represented at the single- 
neuron level within motor cortex (/9). To evaluate 
contributions of these parameters in PMd, we 
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Fig. 1. Kinematics and neural decoding of hand trajectory (monkey G). (A) 
Single-trial timeline for the obstacle-avoidance task. (B) Mean hand 
trajectories for the 40 unique center-target combinations in the center-out 
task. (C) Mean hand trajectories for the 40 unique target-obstacle com- 
binations. For clarity, the trajectories have been separated according to 
orientation of the obstacle relative to the target direction. (D) The trajectories 


500-1300 ms 
Delay 3 


calculated the preferred movement direction and 
position gradient of each neuron from delay- 
period activity in the center-out task. These tuning 
properties were then used to construct two PV 
decoders, one for position and another for velocity. 
The PV models were applied to the obstacle- 
avoidance data to decode time-resolved estimates 
of instantaneous firing rates during the planning 
and movement epochs (20). Taking advantage of 
the rotational symmetry of the task, we collapsed 
all trials (Fig. 1C and fig. S2) down to the five 
relative orientations of target and obstacle (Fig. 1, 
D and E), effectively increasing the repeti- 
tions of each movement. Figure 1E shows the 
neural prediction of hand path for each rela- 
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tive orientation, as decoded by the positional 
PV from movement-epoch activity. The neural 
population response preceded the actual hand 
movement by about 200 ms (Fig. 1, F and G). 
The velocity PV decoded from movement 
time activity yielded poor reconstructions (fig. 
S3), suggesting that PMd activity better rep- 
resents hand position versus hand velocity during 
movement. 

During the preparatory period, the velocity- 
based PV predicts the initial direction of move- 
ment required to escape the obstacle. The temporal 
evolution of the neural activity suggests that the 
two monkeys likely adopted different strategies 
on the task. Figure 2 illustrates the behavior of the 


from (C) rotated such that the target direction is always straight up. (E) Neural 
prediction of hand path for the conditions in (D) decoded with the position-PV 
during the movement epoch. (F) x and y components of hand position (solid 
line) and neural prediction (dashed line) for the —135° condition [(D) and (E), 
left]. Scale bar, 200 ms. (G) Same as (F), for +135° condition [(D) and (E), 
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Fig. 2. Decoding delay- 
period neural activity with 
the velocity-based PV. (A 
and B) Monkey G, +/—135° 
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trials. The PV remains 
insignificant until the ob- 
stacle is shown. (C and D) 
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velocity-based PV for two trial conditions for 
each animal as it changes over the course of the 
delay periods. The lengths and directions of the 
PV for all trial types are shown in Fig. 3. In 
monkey G, the length of the PV remained in- 
significant until the final delay period and pointed 
in the direction of the upcoming hand movement 
soon after lengthening. The PV for monkey H, in 
contrast, achieved significant length and pointed 
toward the target during the second delay, when 
only the target was shown. When the obstacle 
was revealed, the vector changed to the new di- 
rection. In both monkeys, the velocity-based 
decoder (built from target-tuning properties in 
the center-out task) ultimately predicted the 
movement direction rather than the target direc- 
tion, suggesting that directionally tuned planning 
activity during a simple reaching task primarily 
represents the planned initial hand direction rather 
than the final spatial goal of the reach. 

We next asked whether, in a more complex 
situation, a representation of the target might also 
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be present in PMd. The obstacle-avoidance task 
fully decorrelates the target and initial movement 
directions, allowing us to perform regression 
analyses of the two parameters independently. 
Individual neurons can significantly tune to both 
target and movement directions simultaneously 
(Fig. 4). This suggests that single cells in PMd 
participate in the population coding of a high- 
dimensional space that includes both the initial 
segment and the ultimate goal of a movement. 
Some of the variance left unexplained by a par- 
ticular tuning model can be accounted for by 
tuning to additional parameters, whereas some 
is truly noise (either intrinsic or resulting from 
sampling effects). Of the entire sample of recorded 
units, some tuned significantly to target direction, 
others to movement direction, some to both, and 
some to neither. An insignificant proportion of units 
showed tuning before the relevant information was 
revealed, confirming that the directional parameters 
were successfully separated and were not anticipated 
by the monkey before the visual cues were given. 
Upon display of the target or obstacle, the direc- 
tional information began to influence neural 
responses, with over 60% of all units tuning 


Fig. 3. Planning strategies seen in the velocity-based PV response. (A and B) PV length for each monkey 
during delays 2 and 3 for the five relative orientations of target and obstacle. Monkey H lengthens the PV 
immediately after target onset, whereas monkey G does not. (C and D) Angular difference between PV and 
center-target vector. Lines are hidden where the length of the PV is insignificant. 


significantly to at least one parameter during 
the final delay. The diverse single-neuron tuning 
properties in this study are reminiscent of the 
heterogeneity of neural responses reported previ- 
ously in the spatial (2/) and temporal (22) domains. 
It has been hypothesized that this heterogeneity 
allows the neural population to act as a basis set 
for encoding multiple movement parameters 
(3, 22). Our results support this view: The myriad 
ways that multiple spatial and temporal parameters 
are combined in the firing of single neurons lead to 
complex rate codes that can nonetheless be decoded 
in the context of the whole population. The com- 
bination of position, velocity, and goal encoding is 
particularly relevant to computational models of 
reach planning that use current state and target 
information to generate desired movement vec- 
tors (23, 24). 


The single-neuron regression analyses sug- 
gest that target direction, in addition to initial 
movement direction, is present in the population 
code in PMd, at least in some circumstances. We 
tested this by using PV models built from preferred 
target directions during the final delay of the 
obstacle-avoidance task, when the animals were 
aware of both the target and the necessary hand 
path (25). The results of this analysis confirm 
that, by using a population model built from 
target tuning properties measured in the appro- 
priate setting, target direction can be decoded 
independently of initial hand direction during the 
planning period (figs. S4 and S5). This target 
representation appeared in the population code 
only when indirect movements were being planned: 
During delay period 3 of trials where an obstacle- 
avoiding, curved trajectory was needed, the PV 
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Fig. 4. A single neuron simultaneously tuning to target and obstacle di- 
rections during the delay period. (A) Spike rasters during delay periods 1 to 
3 for a single neuron. Each row is a single trial, and the panel in which a row 
is located indicates the target direction for that trial. (Inset) Cosine fit to 
target direction during delay 3. This neuron prefers targets down and left. 
(B) The data shown in (A) have been reorganized according to the direction 
of the obstacle opening for each trial. (Inset) Cosine fit to obstacle direction 


during delay 3. The same neuron that prefers targets down and left [from 
(A)] prefers obstacle openings pointing up and to the right. Two independent 
directional parameters are encoded simultaneously via noisy cosine tuning. 
(C) Percentage of all recorded neurons significantly tuned (P < 0.05 for 
cosine fit) as a function of time. Tuning to each independent parameter 
occurs only after the information regarding that parameter is revealed to the 


lengthened and pointed toward the target. In con- 
trast, when the obstacle did not interfere with a 
direct movement to the target, the PV was sub- 
stantially shorter (fig. S5). Target encoding was 
also absent during delay 2, before the obstacle 
was displayed. During that period, the velocity- 
based PV analysis indicated that monkey G was 
not yet planning a movement and that monkey H 
was preparing a direct reach (Figs. 2 and 3). 
Because neither monkey was planning an in- 
direct trajectory at that time, the lack of a sig- 
nificant target-PV response is expected. A third 
result consistent with these findings is that the 


monkeys. 


velocity-based decoder, built by regressing against 
target direction in the center-out task, predicts initial 
movement direction, not target direction, when 
applied to indirect movements. This suggests that 
the goal representation was notably weaker than 
the movement representation during the center-out 
task. In this framework, target encoding would be 
expected to be minimal during that task, because all 
movements are unimpeded during center-out reach- 
ing. The finding that ultimate goal direction is 
strongly represented in PMd for indirect relative to 
direct reaches suggests a potential role in shaping 
the reach beyond the initial segment of move- 


ment, similar to sequential reaching tasks (26, 27), 
but this hypothesis was not explicitly tested. 
The population analyses reveal that the time 
course of preparatory neural activity in premotor 
cortex is subject to top-down modulation sug- 
gestive of distinct cognitive strategies. It appears 
that monkey G waited until all information was 
known before generating a movement plan, whereas 
monkey H planned to move directly to the target 
until the obstacle instructed him otherwise. In 
monkey H, the early planner, the direction 
decoding vector initially lengthened in the direc- 
tion of the target. Once the obstacle was revealed, 
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the population vector shortened and rotated to 
the required hand movement direction before 
lengthening again. In contrast, the PV from monkey 
G only achieved significant length during the 
final delay period, when the task was fully specified. 
As the vectors lengthened, they quickly stabilized 
in the direction of the initial movement required 
by the obstacle. This occurred sooner in monkey 
G than in monkey H (Fig. 3, C and D). 

Although the monkeys were trained similarly 
and performed identical tasks, the behavioral (fig. 
S6) and neural lines of evidence indicate that 
the two animals used different approaches when 
planning obstacle-avoidance reaches. Why might 
one monkey have adopted a strategy requiring a 
change of plan? One explanation has to do with 
the task structure. On '/ of the trials, the obstacle 
did not impede a straight movement (0° trials), 
and on another '/s of the trials the go cue was 
given instead of an obstacle appearing (catch 
trials). Thus, 4 of the time an initial movement 
plan would in fact be valid, and on half of those 
trials it would be useful immediately. We tested 
for behavioral correlates of planning by exam- 
ining the angular deviation of the take-off angle 
(hand direction relative to target direction at move- 
ment initiation) on 0° trials, when both monkeys’ 
PVs were significant, versus catch trials, when 
only monkey H had a significant PV. For 0° trials, 
the difference in accuracy of the two monkeys was 
not statistically significant. On catch trials, how- 
ever, monkey H had a substantial accuracy ad- 
vantage (fig. S6C). 

The work presented here makes a number of 
points about the role of PMd in the movement 
planning and execution process. First, informa- 
tion about multiple independent spatial parame- 
ters is often embedded in the firing rate ofa single 
neuron (e.g., Fig. 4, A and B). The precise com- 
bination of parameters relevant to each cell is 
highly variable, leading to heterogeneity in the 
responses of individual neurons. Despite these 
spatially and temporally complex responses, a 
simple linear decoding scheme can meaningfully 


extract lower-dimensional information from the 
population as a whole. Second, the timing and 
strength of spatial information in the population 
code suggests that PMd activity is modulated 
both by task demands and by the particular 
planning strategy being used. The directional 
tuning observed in classic studies of center-out 
reaching is predictive of the initial hand move- 
ment direction, not the target direction, when 
those parameters are not separated. The time 
course with which population activity resolved to 
a significant directional prediction was consistent 
with two distinct approaches to the task, in which 
a trade off between planning speed and reach 
accuracy could be seen. A target representation, 
distinct from the initial movement representation, 
was also seen in the neural population. The strength 
of this representation was reduced for direct relative 
to indirect reaches, which suggests that relevant 
information can be selectively encoded as it is 
needed for the task. Lastly, the use of position- 
tuning properties in a population decoder provided 
a high-fidelity prediction of the hand trajectory 
during movement, consistent with prior reports 
of position coding in premotor areas (28, 29). 
Although the velocity-based decoder strongly 
predicted the initial hand direction before move- 
ment initiation, it did not predict the hand ve- 
locity particularly well during execution of the 
movement. These findings contrast with popula- 
tion decoding in M1, which shows good pre- 
diction of velocity and relatively worse performance 
when estimating position (/9). 
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Postdoc Survey 


The Postdoc 


Experience: 


High Expectations, 
Grounded In Reality 


In today’s job market, even highly trained postdocs must overcome 
struggling economies, hiring freezes, and high unemployment rates. 
To be competitive, postdocs have to start planning for their next 
position on day one of their fellowship (or even sooner). Networking, 
staying flexible about career options, and gaining experience beyond 
the bench makes young scientists marketable. By Kendall Powell 


ts perhaps no surprise that amid downturned economies and 

shrinking numbers of traditional, tenure-track academic positions, 

postdoctoral fellows have become increasingly preoccupied with 

opportunities for career advancement. Every other year, Science 

Careers surveys several thousand current and former postdoctoral 

fellows mainly from the United States, Europe, and Asia about fac- 
tors influencing their postdoctoral experience. This year, the 3,200 partici- 
pants placed the category “Advancement Opportunities/Career Options” 
at the top of the list of factors deemed important for a successful postdoc, 
climbing steadily up from sixth place in 2008 (See chart on page 994 for 
survey results and methods). 

Obsessing about advancement might seem like anxiety brought on by 
the toughest job market seen in the last half-century. But as survey par- 
ticipant Matthew Lane points out, it’s really what a postdoc is all about. 
“People will make it very clear that part of your job is publishing and doing 
research. But part of your job is getting another job,” says Lane, who suc- 
cessfully transitioned from a postdoc to a principle investigator at Sandia 
National Laboratories in Albuquerque, New Mexico. 

Comparing the last three surveys polling postdoc researchers—those 
conducted in 2008, 2010, and 2012—reveals some other trends that 
reflect shaky job prospects. Right behind advancement, this year’s sur- 
vey participants ranked “Funding/Grants” as the second most important 
ingredient for a successful experience. Alarmingly, unemployment after 
a postdoc rose sharply, from 4% and 2% in 2008 and 2010, to 10% in 
2012—mirroring the current average unemployment rate in the European 
Union and slightly above that in the United States. 

But the 2012 survey holds rosier news, too. Employment in so-called 
alternative careers doubled between 2010 and 2012 to 16%. And de- 
spite poorer prospects, the numbers of researchers who take multiple 
postdoctoral positions has not increased—nearly 60% of former postdocs 
polled held only one position and 30% held two, nearly identical to the re- 
sults from the 2010 survey. Also, the length of a postdoc position has not 
stretched out, with a steady 60% of former postdocs surveyed still having 
spent between two to four years in their post. However, only 20% of for- 
mer postdocs landed a tenure-track position in 2012. Here, several sur- 
vey respondents who obtained academic positions share their strategies 
for success. Others reveal how they secured nontraditional posts—re- 
search or otherwise. And current fellows explain the preparations they’ve 
made to avoid the pitfalls of perpetual postdocing or unemployment later. 


ADVANCEMENT ADVICE 

Sixty-eight percent of respondents ranked the ‘advancement opportuni- 
ties’ attribute as ‘very important’ in contributing to a successful postdoc 
experience. Another question asked participants to consider how their su- 
pervisor stacked up in that ‘advancement’ category, including whether the 
supervisors discuss future career options and allow postdocs to continue 
research projects in their next post. A mentor’s support proves crucial to 
moving on to a successful career whether it’s in academia, industry, a 
government lab, or science education. 
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Clockwise From 
Top: Lynn Adams; 
James Gardner; 
David Lodowski 


“Informational 
interviews were 
an amazing way 
for me to learn 
what was out 
there. Just get 
out there and 
listen to your 
heart.” 

—Lynn Adams 


Melissa Snyder knew she wanted to do a postdoc, but she wasn’t sure 
how to translate that into being a career scientist. “I wanted a mentor 
who would teach me the process and get me involved in the department. 
He’s been really great in getting me to further my career,” she says of 
her postdoctoral advisor, Wen-Jun Gao of Drexel University College of 
Medicine in Philadelphia. 

His encouragement for her to join in departmental committees and 
gatherings paid off when a professor at nearby Ursinus College came 
looking for someone to teach an undergraduate lab course. A faculty col- 
league who had worked with Snyder on a committee recommended her. 
When choosing an advisor, she suggests inquiring “is this person going 
to be invested in you and help you get to the next step whatever your 
goal is?” 

Snyder is also keeping her expectations realistic. “I see how difficult the 
funding situation is and how my boss is constantly worrying about money 
to maintain the lab. When you apply to positions there are 10 to 20 other 
people applying who are just as good as you are.” 


THE EXPECTATION GAP 

One of the most persistent trends over the last three postdoc surveys is 
the gap in the numbers of postdocs who expect to obtain tenure-track po- 
sitions and the numbers who actually land those positions. Consistently, 
about 56% of current postdocs expect a tenure-track position. However, 
in reality, only 30% of former postdocs ended up as professors in 2008, 
37% in 2010, and a mere 21% in 2012 (See chart on page 996). 

The three surveys also reveal that postdocs on the job market prior to 
2007 had higher success rates for obtaining tenure-track positions than 
those on the market in 2008 and later, indicating that such posts are be- 
coming more scarce than ever before. 

At the beginning of this year, David Lodowski took up his post as an 
assistant professor in proteomics and bioinformatics at Case Western 
Reserve University in Cleveland, Ohio after six years as a postdoc there. 
He has frank advice: “You cannot delude yourself. You have continued> 
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Faculty: Balancing Academia and Entrepreneurship—September 14 


Top Employers Survey—September 21 (online); 
October 19 (print) 


China Regional Focus—September 28 
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Opportunities for research scientists and professionals: You and exceptionally quick decision-making processes you will only 
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Postdoc Survey 


to consider the funnel effect 
that occurs. Make sure you 
are both willing and capable 
to accomplish the caliber of 
work as a postdoc [needed] 
to transition to a tenure-track 
position.” 

Lodowski says his lengthier 
postdoc helped him publish 
several papers in medium- 
and high-impact journals. He 
also coordinated the writing 
of several large grant propos- 
als within his department and 
collaborated with faculty who 
eventually hired him. Last, but 
certainly not least, Lodowski 
wrote and won a K99/ROO 
award, a grant that bridges 
the transition to a faculty posi- 
tion and, he says, “makes you 
a more attractive applicant.” 

Postdocs should also care- 
fully consider what the survey 
reveals about the differences 
between where postdocs are 
done and where the jobs are. 
In 2012, the overwhelming 
majority of postdoc fellow- 
ships, 80%, took place in ac- 
ademia. However, academic 
jobs, including both tenure- 
track and nontenure-track po- 
sitions, make up only 42% of 
jobs obtained by former post- 
docs. On the other hand, 16% of respondents secured industry-based 
jobs and 20% were in nontraditional positions or self-employed. 


Advancement Opportunities/ 
Career Options 


Funding/Grants 


Employer/Situation 


Networking 


Mentoring 


Direction and Vision 


Spouses, Partners, 
and Family 


Training 


Communication 


Compensation and Benefits 


0% 20% 


2012 ) 2010 2008 


KEEPING AN OPEN MIND 

Those numbers mean postdocs should start and end their fellowships 
with an open mind about career paths. Former postdocs who found per- 
manent positions stress staying flexible about location, getting creative 
about the two-body problem (couples who need to find jobs in the same 
geographic location), and casting a wide application net. Some even 
found themselves applying for what might be called ‘nontraditional’ ten- 
ure-track positions. 

When James Gardner and his wife Renee defended Doctorates in 
environmental science in 2008, they decided to boost their two-body 
chances by looking anywhere in the world, both inside and outside of 
academia. 

“lve always been open to other options. Whatever is rather fun and 
exciting is what I’m pursuing,” says Gardner. They found postdocs in 
Sweden at neighboring institutions. When a tenure-track job was adver- 
tised by the KTH Royal Institute of Technology in Stockholm in his field of 
dye-sensitized solar cells, it seemed fortuitous. But Gardner left nothing 
in his application to chance: he got letters of recommendation from the 
field experts in Sweden, he wrote his research proposal to match KTH’s 
stated objectives, and he sought feedback from colleagues. 

“| took a really, really long time to write and tailor that application,” he 
says. He met with people at KTH and found out what they needed. His 
attention to detail paid off when he beat out two other applicants. “Find 
out exactly what they want and make yourself that person.” 

Lane, who is also part of a two-body equation, offers similar advice: 
“Going on the job market starts the minute you start your postdoc. From 
the beginning, you should be behaving as though you already have 
the job you want.” For him, that meant writing funding proposals even 
when it wasn’t necessary and telling his mentor where he wanted to take 


SURVEY METHODOLOGY 


Postdocs Rate Factors That Contribute 
to a Successful Postdoc Experience 


The survey was launched on 
February 14, 2012 with an e-mail 
invitation to approximately 38,000 
postdocs and recent Ph.D.s 
worldwide. Of the 3,208 qualified 
surveys which were collected, 
73% came from individuals 

in North America, 17% from 
individuals in Europe, and 10% 
from Asia/Pacific or the rest of the 
world. Significantly more current 
postdocs than former postdocs 
participated (79% vs. 21%). Most 
(80%) postdoc positions were 
held in academic institutions. Life 
sciences and medical sciences 
were the most common disci- 
plines for postdoc studies, being 
cited by 72% of the respondents. 
Most current postdocs (93%) 
were 40 years of age or younger. 
Most former postdocs (84%) were 
31 to 50 years of age. 


projects next. 

After completing a post- 
doc at University of Oxford 
in plant sciences, Arantza 
Rico, returned to northeast- 
ern Spain. Limiting herself 
geographically meant Rico 
had to job search outside of 
the box. She took a lecturer, 
tenure-track position in the 
School of Education at the 
University of the Basque 
Country, also known as UPV/EHU. Her department sought an applicant 
with research experience to teach primary school teachers how to teach 
science. “This was a big change for me,” she admits. “When the oppor- 
tunity came up, | didn’t know anything about research in education. But | 
can ask good questions.” 


40% 60% 


IT’S WHO YOU KNOW 

Something equally crucial as keeping an open mind is keeping up a broad 
list of contacts. Personal connections parlayed into positions appear to 
be the norm in today’s market. Networking—through attending scientific 
meetings or meeting influential researchers—ranked third in contributing 
to a successful postdoc experience, with 63% of those surveyed desig- 
nating it as ‘very important.’ In addition, when asked what they liked best 
about their postdoc experience, 37% respondents cited “interacting with 
other people.” This represents an increased focus on interactions when 
compared with prior surveys. 

These trends reflect the uptick in the use of online professional net- 
working in recent years. But it’s still old-fashioned face-to-face interac- 
tions that have most helped postdocs garner valuable experiences 
and interviews. When Susannah Gordon-Messer wanted to switch 
from research to K-12 science education, her doctoral co-supervisors 
at Brandeis University were supportive, but could not connect her to 
that world. 

“| sought help from anybody who would listen to me. | networked, and | 
had one giant piece of help,” she says. Nobel Laureate Elizabeth Black- 
burn introduced Gordon-Messer (Blackburn’s cat-sitter) to a well-known 
name in science education, Emeritus Biochemist Bruce Alberts at the 
University of California, San Francisco and current editor-in-chief of Sci- 
ence Magazine. He eventually connected her to the Strategic Education 
Research Partnership in Boston, where she did a nontraditional postdoc- 
toral fellowship. 

Marisha Godek’s connections to her doctoral advisor continued> 


www.sciencecareers.org 


NATIONAL RESEARCH COUNCIL 
OF THE NATIONAL ACADEMIES 
Research Associateship Programs 
Graduate, Postdoctoral and 
Senior Research Awards 
offered for research at 


US federal laboratories 
and affiliated institutions 


Opportunities for graduate, postdoctoral and senior research 
in all areas of science and engineering 


* Awards for independent research at over 100 participating 
laboratory locations 


12-month awards renewable for up to 3 years 


Annual stipend $42,000 to $80,000 - higher for senior researchers; 
graduate entry level stipend begins at $30,000. 
Relocation, professional travel, health insurance 
Annual application deadlines Feb. 1, May 1, Aug. 1, Nov. 1 
Open to US and non-US citizens 
Detailed program information, including instructions on 
how to apply online, is available on the NRC Web site at : 
www.nationalacademies.org/rap 
Applicants must contact Advisor(s) at the lab(s) prior to 
application deadline to discuss research interests and funding opportunities. 
Questions should be directed to the : : 
National Research Council 
TEL: (202) 334-2760 
E-MAIL: rap@nas.edu 
Qualified applicants will be reviewed without regard to race, 
religion, color, age, sex or national origin. 


THE NATIONAL ACADEMIES 


Advisers to the Nation on Science, Engineering, and Medicine 


POSTDOCTORAL ASSOCIATES 


The Duke Human Vaccine Institute and the Center for HIV/AIDS Vaccine Immunology 
and Immunogen Discovery (CHAVI-ID), providing national and international 
leadership in the fight against major infectious diseases, is currently recruiting for 
Postdoctoral Associates. 


Duke University and the Duke Human Vaccine Institute, under the direction of Dr. 
Barton Haynes, have been awarded a new grant, the Duke Center for HIV/AIDS 
Vaccine Immunology-Immunogen Discovery grant, to overcome roadblocks that 
hinder the development of a vaccine for HIV, and to design and develop immunogens 
for a successful vaccine. As a result of this seven year, $139-million grant, the Duke 
Human Vaccine Institute is currently recruiting for postdoctoral associates to 
participate in this work. 


Projects will include study of the B cell response to HIV envelope proteins in non- 
human primates and in human vaccinees, study of B cell regulation in humanized 
mice, study of B cell development in rhesus macaques and humans, and studies of 
the role of factors that regulate T follicular helper cell generation by immunogens. 
In addition, the regulation of somatic hypermutation and class switching of 
immunoglobulins will be of prime interest. 


The education, expertise, initiative and dedication of the postdoctoral associates 
engaged in this project will be important to the success of the studies. This 
fellowship will be an opportunity to become part of a winning team that is working 
to discover novel ways to prevent HIV infection and, therefore, protect people world- 
wide. Qualified candidates must have a Ph.D. in virology, immunology, molecular 
biology, computational biology or related disciplines. 


Candidates should send a cover letter and current curriculum vitae to: 


Duke Human Vaccine Institute 
Email: dhvi.careers@notes.duke.edu 
(Please reference “PD-DHVI" in subject line of email) 


Uv Duke Human Vaccine Institute 


¥® CHAVI-ID 


Duke Center for HIV/AIDS Vaccine Immunology 
and Immunogen Discovery 


Duke University is an Equal Opportunity/Affirmative Action Employer 


University of Pittsburgh 


Schools of the Health Sciences 


Premier Postdoctoral Opportunities in 
Biomedical Research 


Join a world-class center for pioneering biomedical research. 

Postdocs are vital members of our institutional culture valued 
and respected for their significant contributions to the 
university’s research enterprise. A customized high quality 
and enriching postdoctoral training experience is assured 
within our multicultural and multidisciplinary academic 
health sciences community. 


Training opportunities are available in the Schools of 
Medicine, Dental Medicine, Health and Rehabilitation 
Sciences, Nursing, Pharmacy, and the Graduate School 
of Public Health. 


The university is part of the fabric of Pittsburgh, a vibrant 
and affordable city that offers a multitude of local amenities 
including major league sports, a dynamic cultural district, 
and old-world neighborhood charm. Rated “Most Livable 
City” in the US by Forbes Magazine and The Economist, as 
well as twice holding the top position on the Places Rated 
Almanac! 


Pittsburgh is a great place to live and work. The University 
of Pittsburgh ranked 2" among US universities on the “Best 
Places to Work Academe 2012” survey by The Scientist 
magazine. 


Maximize Your Postdoctoral Experience! 
* Acommunity of 650+ postdocs in the health sciences 


¢ Ina five-year analysis of funding, ranked fifth in number 
of NIH awards. 


* State-of-the-art research facilities 

¢ Competitive compensation and benefits 

¢ Strong collaborative relationships 

¢ Training grant opportunities 

* Career development programs and services 

¢ Annual Postdoc Career and Research Symposia 
* Active postdoc association and social events 


Visit our website at 
www.postdocjobs.hs.pitt.edu 
to view open postdoctoral positions. 


For additional information about career development services 


and programs available to biomedical scientists and clinical 
researchers, visit the Office of Academic Career Development 
at www.oacd. health. pitt.edu. 
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Postdoc Survey 


Expectation Gap 


2010 
2008 


oO Other (including government, nonprofit research, 
self-employment, and other) 


{> Industry 
i Nontenure-track research scientist 


{§) Tenure-track academic position 


Featured Participants 


AAAS Science and Technology 
Policy Fellowship 
fellowships.aaas.org 


Case Western Reserve 
University 
www.case.edu 


Drexel University College 
of Medicine 


National Postdoctoral 
Association 
www.nationalpostdoc.org 


Sandia National Laboratories 
www.sandia.gov 


Strategic Education Research 
Partnership 
www.serpinstitute.org 


iene The Education Arcade 
Environmental Protection www.educationarcade.org 
Agency ; : 
Wwww.epa.gov University of the Basque 
Country 

KTH Royal Institute www.ehu.es 
of Technology 


www.kth.se/en 


and other colleagues in the field of bioengineering were key to her finding an 
industry position at a global medical device company. She attended small, 
elite gatherings such as Gordon Research Conferences to gain face time 
and build a rapport with influential scientists. Many of them consulted for the 
companies where Godek wanted to work. 

“| made people aware that | was looking for an industrial job. When some- 
thing came up, here’s the person handing them my CV,” says Godek, now a 
principle scientist focused on surgical devices. “To me, that’s the ideal way 
into a company.” 

Maintaining connections to scientists in a postdoc’s desired field is key— 
especially when it comes to managing the unthinkable bump in the road, 
unemployment. “Do not stop networking, even if it seems very discouraging. 
Let all of your contacts know that you are looking for a job and ask them to 
keep an eye out,” advises Cathee Johnson Phillips, executive director of 
the National Postdoctoral Association in Washington, DC. 


MANAGING THE WORST CASE SCENARIO 
Johnson Phillips says unemployment is a new issue. Indeed, the 
number of former postdocs categorizing themselves as unemployed 
jumped from 2% in 2010 to 10% in 2012. While not all of those post- 
docs are truly unemployed—some are working in non-science jobs— 
the number of highly trained scientists out of work remains significant. 

Former postdoc, Klaus Becker blames a lack of networking sup- 
port from his former advisor—namely not being permitted to attend 
scientific conferences—for his unemployment in science. His postdoc 
characterizing human embryonic stem cells resulted in seven papers 
and a contract position at the Center for Cancer Systems Biology at 
Tufts University School of Medicine in 2009. When a dispute over data 
led to a layoff, Becker found himself drawing unemployment checks. 

“You have to have a network of people who know you and know what 
you do. | neglected to look out for myself [as a postdoc] and now I’m 
paying the price,” says Becker. lronically, while supporting himself as a 
church musical director and classical pianist, he’s learned the value of 
networking: “I must add five new contacts a week now, swapping gigs. 
The same is important in the sciences, you cannot work alone.” Becker 
is retraining, taking some courses in advanced mathematics, in hopes 
of setting up a data analysis consulting business. 

Postdocs facing unemployment can take many tacks: volunteer with 
a nonprofit, serve as an adjunct professor, or freelance as a writer 
or consultant. They should also consider attending conferences via 
webcasts, doing non-science work to gain management experience, 
or picking up new degrees such as an MBA or teaching certificate. 
Johnson Phillips advises pursuing activities that will build a postdoc’s 
resume in the desired area, be that teaching, industry, research, or an 
alternative career. 


MAINSTREAMING ‘ALTERNATIVE’ CAREERS 

If the jump in unemployed postdocs is dismaying, there’s hope in the 
numbers finding positions in ‘alternative’ careers. Nontraditional posi- 
tions have doubled in each of the last two surveys, from 4% in 2008 
to 8% in 2010 and to 16% in 2012. It’s doubtful the doubling will con- 
tinue, but this sector could easily account for 20% of post-postdoctoral 
jobs soon. 

“Get ready to define your own job and your own job description,” 
says Gordon-Messer, now an education content manager at MIT’s 
Education Arcade project. She networked with people who had suc- 
cessfully left the bench behind at a conference. She also applied to 
every job posting she saw, discovering ‘dream’ jobs she never knew 
existed. “I had to learn how to be a spin doctor. | sold myself as a proj- 
ect manager, a mentor, a developer. You really have to keep an open 
mind,” about positions, locales, and pay, she says. 

Lynn Adams knew she had to seek alternatives when she found a 
perfect-fit principle investigator position in her field—and couldn't bring 
herself to apply. Instead, when she learned about the AAAS Science 
and Technology Policy Fellowships, she realized her background in 
cancer research could be put to use in another direction. She’s cur- 
rently a fellow at the U.S. Environmental Protection Agency in Wash- 
ington, DC, helping assess hazards posed by carcinogenic chemicals. 

She wishes she’d had earlier exposure to “these other things you 
can do with this degree.” Like many, she relied on networking and her 
own digging to find other options. “Informational interviews were an 
amazing way for me to learn what was out there. Just get out there 
and listen to your heart.” 

Gardner likens the postdoctoral career path to the unexpected twists 
and turns research can take. “Research is all about going into a situa- 
tion and not necessarily having a good feeling about the outcome. You 
have to be open to all the options and be willing to dramatically change 
direction.” And while serendipity always has a part to play, he advises 
current postdocs to make careful preparations for that instant “when 
you turn the corner and realize you are in the right moment.” 


Kendall Powell is a freelance science writer based in Lafayette, Colorado. 


DOI: 10.1126/science.opms.r1200121 
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Senior Research Fellowships 


Senior Research Fellowships in Basic 
Biomedical Science 

Senior Research Fellowships in Clinical Science 
Senior Fellowships in Public Health and 
Tropical Medicine 


Increased 
opportunities 


We are now considering applications three times 

a year for Senior Research Fellowships to support 
outstanding researchers wishing to build up their own 
independent research groups. 


Support provided includes the Fellow’s salary and 
direct research costs for a period of five years in the 
first instance. 


Upcoming deadlines for preliminary applications: 
24 September and 10 December 2012. 


For further details and links to the individual Senior 
Research Fellowship schemes: 
www.wellcome.ac.uk/seniors 


Candidates may undertake research across the Trust’s 
scientific remit, from laboratory-based basic research 
to clinical, population and public health studies. 
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POSTDOCTORAL OPPORTUNITIES 


GRANTS 


St. Jude Children’s 
Research Hospital 


ALSAC + Danny Thomas, Founder 
Finding cures. Saving children. 


POSTDOCTORAL POSITIONS IN 
DEVELOPMENTAL BIOLOGY 


POSTDOCTORAL POSITIONS are available to study the cellular 
and molecular processes controlling vertebrate organogenesis using 
available mouse models. We are particularly interested in gaining a better 
understanding of the mechanisms underlying the stepwise process regulating 
the development of the visual system using in vivo and 3D organ culture 
systems (Liu et al., 2010). 


Highly motivated individuals who recently obtained a PhD or MD degree 
and have a strong background in molecular and developmental biology are 
encouraged to apply. Interested individuals should send their curriculum vitae, a 
brief description of their research interests, and the names of three references to: 


Guillermo Oliver, PhD 
Member 
Department of Genetics 
St. Jude Children’s Research Hospital 
332 N. Lauderdale, Memphis, TN 38105 
E-mail: guillermo.oliver@stjude.org 
http://www.stjude.org/oliver 


An Equal Opportunity 


Employer www.stjude.org 
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Announces a call for proposals for the 
Individual Grant for Future Research Leaders 


The Swedish Foundation for Strategic Research (SSF) has 
allocated up to 20 grants of a total of SEK 10 million each, covering 
a period of five years. 


The aim of the programme is to support and promote young 
scientists who have the potential and the ambition to become 
future leaders of academic and/or industrial research in Sweden. 
The grantees will participate in a leadership training programme 
which is mandatory. 


The Foundation supports research in the natural sciences, 
engineering and medicine, and interdisciplinary research integrating 
these areas. 


This programme is open to young scientists from Sweden as well as 
from other countries. The grant is intended for innovative research 
at a Swedish research organization — university or public or private 
non-profit research institute. 


Submission of proposals 

The proposal shall be written in English and submitted via 
the Foundation’s electronic application portal http://apply. 
stratresearch.se, by no later than 2 PM on November 20 2012. 
Full proposals only are accepted. 

Detailed instructions and eligibility criteria can be found at the 
web portal. 
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Life Sciences Open Rank 
Tenure Track Faculty Position 
Job Announcement 
University of California Los Angeles 


The Division of Life Sciences in the UCLA College of Letters and Sciences announces the continuance 
of its special initiative to recruit excellent research scientists with a history and commitment to the 
mentorship of students from underrepresented and underserved populations. Candidates should have 
outstanding records of scholarly publications, research support, and teaching and be eligible for Academic 
Senate appointment in any of our departments of Life Sciences (www.lifesciences.ucla.edu), including 
psychology. The successful candidate will be expected to mentor undergraduates and to participate in 
campus-wide and departmental programs that provide research and professional development opportu- 
nities for our diverse student body, including MARC, (Minority Access to Research Careers), PEERS 
(Program for Excellence in Education & Research in Sciences), and the Biomedical Research Minor. 
Teaching assignments will take into account mentorship activities associated with the position. Faculty 
appointment will be made at a professorial rank commensurate with current academic standing and 
achievement. UCLA offers competitive salaries, research set-up funds, and recruitment allowances. 


Nominations and questions should be sent to: Professor Paul Barber (paulbarber@ucla.edu) or Pro- 
fessor Anna Lau (alau@psych.ucla.edu). Application packages should be submitted online through 
[www.ibp.ucla.edu/mentorship] and include the following: (1) curriculum vitae; (2) statement of research 
interests; (3) statement of teaching interests that includes information on formal and informal mentorship 
activities targeting underrepresented and underserved populations; and (4) cover letter that includes names 
of referees that can be contacted for letters. Review of applications will begin on 1 November 2012, and 
continue until positions are filled. Please use position number 0845-1213-01 in all correspondence. 


UCLA is California’s largest university, with an enrollment of nearly 38,000 undergraduate and graduate 
students. The UCLA College of Letters and Science and the university’s 11 professional schools feature 
renowned faculty and offer more than 323 degree programs and majors. The Biosciences area at UCLA 
has more than 300 faculty members, includes many top ten ranked departments, and is consistently in 
the top ten in NIH funding. The UCLA College has a tradition of outstanding teaching and mentorship 
of undergraduates that the Division of Life Sciences will enhance through this special initiative. As a 
campus with a diverse student body, we encourage applications from women, minorities, and individuals 


ASSISTANT PROFESSORS 
OF BIOLOGY 


The Department of Biology at Kalamazoo 
College invites applications for TWO tenure- 
track positions at the Assistant Professor level, 
each to begin September 2013. We seek (i) a 
broadly trained Cell Biologist, specializing in 
Immunology or a closely related field and (ii) 
a broadly trained Microbiologist. Candidates 
for both positions are expected to have a 
high aptitude and interest in undergraduate 
teaching, a commitment to the liberal arts, and 
a desire to establish and maintain an active 
research program involving undergraduates. A 
completed Ph.D. is required and post-doctoral 
experience is preferred. 


Review of applications will commence 
October 1, 2012 and will continue until each 
position is filled. Full details can be found at 
https://www.kzoo.edu/immunology/search 
and https://www.kzoo.edu/microbiology/ 
search. Kalamazoo College desires applicants 
who are committed to promoting access 
and success for all students, and strongly 
encourages candidates who will contribute 


with a history of mentoring underrepresented minorities in the sciences. 


UCLA is an Affirmative Action/Equal Opportunity Employer with a strong institutional 
commitment to the achievement of faculty and staff diversity. 


to the cultural diversity of the College to 
identify themselves if they wish. 


Equal Opportunity Employer. 


Uv Duke University Medical Center 


Faculty Position 
in 
Metabolic Disease and Cancer Research 


Applicants are invited to apply for a faculty position in cancer 
metabolism and metabolic disease research at Duke University Medical 
Center, sponsored jointly by the Duke Cancer Institute (DCI), the Sarah 
W. Stedman Nutrition and Metabolism Center, the Pharmacology 
and Cancer Biology Department, and the Department of Medicine. 
Applications will be considered at either the Assistant Professor or 
Associate Professor levels. The ideal candidate will have strong training 
in basic sciences and a demonstrated interest in metabolic mechanisms 
of cancer or chronic diseases and conditions, such as obesity, diabetes, 
or cardiovascular disease. Although candidates with expertise in any 
area of cancer metabolism research will be considered, preference 
will be give to candidates with experience in analysis of metabolic 
flux using NMR or mass spectrometry. This position offers a unique 
opportunity to be supported by outstanding technology platforms and 
strong faculty colleagues from both the clinical and basic sciences, 
including opportunities for collaboration with leading clinical 
investigators. Minimal qualifications for the position are the M.D. or 
Ph.D. degree and 3 years of postdoctoral research experience. 


Please submit curriculum vitae, names and contact information for 
three references, and a statement of research interests electronically to 
kristy.thompson@duke.edu. 


Duke University is an Affirmative Action and Equal Opportunity 
Employer. Women and minorities are encouraged to apply. 


Pome 
NYU Langone 


NX MEDICAL CENTER 


Faculty Director, NYU Langone Medical Center 
Genome Technology Center 


The NYULMC Office of Collaborative Science is seeking a Director for the Genome Technology 
Center (GTC), a shared resource core laboratory providing access to highly specialized technology 
and unique expertise in support of human genetics, genomics, gene expression profiling, and 
other high throughput genomic and computational analyses. The appointment will be made at 
the Assistant/Associate/Full Professor level in the Department of Pathology, commensurate with 
experience, and will join the Office of Collaborative Science established by Associate Dean David 
Levy, PhD. The Director will lead a team of six scientists with responsibility for the efficient operation 
of the GTC, adapting cutting edge technologies for massively parallel DNA sequencing, gene 
expression profiling, and other applications in support of human molecular genomics and genetics 
research and associated informatics. The GTC is one of fourteen core resource laboratories within 
the Office of Collaborative Science dedicated to providing university-wide access to technology and 
expertise in support of basic and translational research projects. 


The successful candidate will have an in-depth knowledge of genomic and genetic methodologies 
and complementary technologies, and a thorough understanding of genomic informatics. S/He wil 
be responsible for providing the most advanced technologies for genome analyses and will work as 
a critical member of multidisciplinary project teams in support of basic and translational research 
projects. In addition to assisting researchers with experimental design, planning, and execution 
of research projects, responsibilities include staff and workflow management, informatics data 
analysis, developing research collaborations and writing grant proposals and manuscripts. 
The Director will also develop, evaluate, validate, and deploy novel technologies in the genetics 
and genomics research space as they become available. A unique aspect of this position is the 
opportunity to work in close collaboration with the newly founded New York Genome Center 
(NYGC), a multi-institutional research institute of which NYU is a founding member. The GTC 
Director will facilitate collaborative projects and information exchange between campus research 
programs and the NYGC. 


Qualified candidates will have a Ph.D. in molecular biology, nucleic acid biochemistry, genetics/ 
genomics, bioinformatics or a related field, with at least five years experience in human genetics/ 
genomics. Special attention will be given to candidates with management experience and/or a 
record of achievement in collaborative and service-oriented environments. 

Interested candidates and nominations should forward their CV, research interests and experience, 
and the names and contact information for three professional references electronically to: Andrea 
Ohlsson, Administrative Associate, NYULMC Office of Collaborative Science, 212.263.1494, 
andrea.ohlsson@nyumc.org 

The NYU School of Medicine was founded in 1841 and is an equal opportunity, affirmative action 
employer and provides a drug free workplace. 


fo 


°) NIMHD 
National Institute on Minority Health 
and Health Disparities 


Department of Health and Human Services 
National Institutes of Health 
National Institute on Minority Health and Health Disparities 


The Division of Intramural Research (DIR) of the National Institute on Minority Health and Health 
Disparities (NIMHD) is seeking an exceptional candidate for the position of Deputy Scientific Di- 
rector/Senior Investigator to provide leadership and support as an active partner with the Scientific 
Director in leading the research program. The inter-multidisciplinary intramural research program 
under development has three pillars: basic, clinical/translational and basic behavioral/social research. 
This position offers a unique and exciting opportunity for the right individual to share responsibil- 
ity in providing visionary leadership to an organization dedicated to developing the science that will 
lead to the elimination of health disparities. A candidate is sought who has a broad view of research 
and the personality to build partnerships with intramural and extramural scientific communities. The 
incumbent will serve as the liaison between the DIR and the NIMHD Board of Scientific Counselors 
(BSC) with full oversight responsibilities for the entire BSC process. The incumbent will also build 
trans-NIH scientific and clinical collaborations and participate in trans-NIH initiatives. The success- 
ful candidate will also be provided independent resources to develop his/her own research program as 
and will be eligible for tenure as a senior investigator within DIR, NIMHD. 


QUALIFICATIONS: Applicants must have an M.D., Ph.D., or both as well as an active, top qual- 
ity independent research program in one or more scientific areas, related to the above mentioned DIR 
areas of interest. The candidate shall have administrative experience running a complex research 
program. The candidate should be a strong communicator with the ability to work collaboratively to 
solve problems and to make informed decisions. 


SALARY/BENEFITS: The Deputy Scientific Director, NIMHD will be appointed at a salary com- 
mensurate with his/her qualifications and experience. Full Federal benefits, including leave, health 
and life insurance, retirement and savings plan (401K equivalent) will be provided. This position is 
subject to public financial disclosure requirements. 


HOW TO APPLY: Interested candidates should send a letter of interest, including a statement of 
research and administrative experience; curriculum vitae and bibliography; statement of research 
interests, and three letters of reference. Application packages should be sent to the National Institutes 
of Health (NIH), National Institute on Minority Health and Health Disparities, c/o John O’Shea, 
Ph.D., Chair, Search Committee, 6707 Democracy Blvd., Suite 800, Bethesda, Maryland 20892 
or electronically: nimhdirp@mail.nih.gov; Subject Line: NIMHD Deputy Scientific Director 
Search. For further information about the position, please contact Ms. Keta Lawson at 301-496-1366 
or nimhdirp@mail.nih.goy. All information provided by the candidates will remain confidential and 
will not be released outside the NIMHD search process without a signed release from candidate. The 
NIH encourages the application and nomination of qualified women, minorities and individuals with 
disabilities. 


APPLICATION MUST BE RECEIVED BY FRIDAY, OCTOBER 5, 2012 
DHHS and NIH are Equal Opportunity Employers 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 


online @sciencecareers.org 
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CAS Research Cantor On Fictitious Eeonormy & Data Seenes 


Professors/Associate Professors/Assistant Professor/Post-doctor 
Positions 


Chinese Academy of Sciences Research Center on Fictitious Economy and 
Data Science (CASFEDS), Beijing, China (http://www.feds.ac.cn/Pages/ 
default.aspx) is a newly research unit under the direct leadership of Chinese 
Academy of Sciences. Professor Cheng Siwei, the former Vice-Chairman of 
Standing Committee of the National People's Congress of the People's Republic 
of China, serves as the director. The objective of CASFEDS is to be a truly 
international leader on research, technology transfer and think tank in the fields 
of financial markets, data science, environment policy, social computing, and 
related issues. The center has 4 research labs: fictitious economy lab, data 
mining and optimization lab, green economy lab, and social computing and 
e-health science. The applicants are kindly invited to apply the open positions 
for Professors, Associate Professors, Assistant Professor, and Post-doctors. The 
research interests of applicants include but not limited to data science (data 
mining), intelligent knowledge, optimization-based approaches, knowledge 
management, bioinformatics, fictitious economy theory, finance, e-health science 
and social computing. The outstanding candidates will be recommended to the 
“1000 talents program” and/or “100 talents programs” through the Graduate 
University of Chinese Academy of Sciences. 


Applicants for these positions should have a PhD degree, excellent academic 
records, and good communication and writing skills. The rank of a position will 
depend on the experience. The application profile must contain resume, copy of 
degree certificate, 3 selected publications, and 3 recommendation letters from 
the references. The applications can be sent via e-mail to: 


Ms. Zhao Zhao 

Room 203, Building 6, No.80 Zhongguancun East Road, 
Research Center on Fictitious Economy and Data Science, 
Graduate University of Chinese Academy of Sciences, 
Chinese Academy of Sciences 

Haidian District, Beijing, 100190, China. 

(0): +86-10-82680699 (F): +86-10-82680698 

E-mail: zhaozhao@gucas.ac.cn 


é3 Tufts 


UNIVERSITY 


TENURE TRACK FACULTY POSITION 
MICROBIOLOGY 


The Department of Biology at Tufts University invites applications for 
a tenure-track Assistant Professor in Microbiology. We seek a creative 
scholar with primary expertise in comparative or functional genomics, 
ecology of microbial populations, or genome evolution of microbial com- 
munities. Someone with the ability to work on multiple biological scales, 
ranging from the molecular to the community, is preferred. The successful 
candidate will use modern research techniques of computational genomics 
to address fundamental questions in evolution and ecology. The candi- 
date will develop an active externally funded research program involving 
graduate and undergraduate students. Instructional duties will include 
an undergraduate microbiology course and an associated microbiology 
laboratory course, as well as contributions to other undergraduate or 
graduate courses based on the expertise and interests of the new faculty 
member. A clear commitment to teaching excellence at the undergraduate 
and graduate levels is essential. Doctoral degree, post-doctoral experience 
and a record of research productivity are required. 


Applicants should submit a cover letter, curriculum vitae, separate 
statements of (1) research interests and plans and (2) teaching experi- 
ence and philosophy and three letters of reference to this link: https: 
//academicjobsonline.org/ajo/jobs/1719. Submission of 1-3 select 
reprints in PDF format is encouraged. Review of applications begins 
October 15, 2012, and continues until the position is filled. 


Tufts University is an Affirmative Action/Equal Opportunity employer. 
We are committed to increasing the diversity of our faculty. Members of 
underrepresented groups are strongly encouraged to apply. 


T:-H-E The Departments of Microbiology and Chemical and 
Biomolecular Engineering at The Ohio State University 
OHIO invite applications for an Assistant or Associate 
Professor whose research focuses on Environmental 
SIAI F Microbiology and Bioenergy. We seek a Molecular 
Microbiologist whose research will be directed towards 
UNIVERSITY | molecular characterization of physiological processes 
used by microorganisms to produce biofuels or will be 
focused on other key environmental issues. Research approaches that include 
efforts in metabolic engineering and systems biology/synthetic biology are of 
special interest. This individual will join a vibrant community that includes, 
in addition to nearly 50 faculty members in the Microbiology (http://www 
-microbiology.osu.edu) and CBE (http://www.chbmeng.ohio-state.edu/) 
departments, researchers at the Office for Energy and the Environment (http: 
/liee.osu.edu/), the Center for Energy, Sustainability, and the Environment 
(http://oaa.osu.edu/documents/CSEproposal.pdf), the School of Earth 
Sciences (http://www.earthsciences.osu.edu/about.php), the School of 
Environment and Natural Resources (http://senr.osu.edu/), Battelle Memorial 
Institute (http://www.battelle.org/), and the Environmental Sciences 
Graduate Program (http://esgp.osu.edu/). The expected arrangement will 
be a 70% appointment in Microbiology and 30% appointment in Chemical 
and Biomolecular Engineering, but other arrangements may be considered 
depending on the research interests of the candidate. 


Applicants must have a Ph.D. or equivalent degree and relevant postdoctoral 
research experience. The successful candidate will be expected to establish 
and maintain an extramurally funded research program and to actively support 
our strong commitment to excellence in teaching at both the undergraduate 
and graduate levels. 


Applications will be accepted until the position is filled, but priority will be 
given to applications received by October 15, 2012. Application materials, 
including a letter of intent, curriculum vitae, statement of research and teach- 
ing interests, and three letters of recommendation, as well as additional ques- 
tions about the search, should be sent by e-mail to: micro.grad@osu.edu. 


To build a diverse workforce The Ohio State University encourages 
applications from minorities, veterans, women and individuals with 
disabilities. Flexible work options are available. Ohio State is an NSF 
ADVANCE Institution. EEO/AA Employer. 


i TEXAS TECH UNIVERSITY 
Gx) Health Sciences Center 
JB Paul L. Foster School of Medicine’ 


ASSISTANT or ASSOCIATE PROFESSOR 
Center of Excellence in Cancer Research 


The newly created Center of Excellence in Cancer Research at the Paul L. 
Foster School of Medicine at El Paso is seeking highly qualified applicants 
for tenure-track faculty positions at the Assistant or Associate Professor 
level in the Department of Biomedical Sciences. Successful candidates are 
expected to develop an independently funded research program in cancer 
research or a related field. The positions report to the Director of Basic 
Science Research of the Center of Excellence in Cancer Research. 


Minimum qualifications: M.D., Ph.D., or M.D./Ph.D. degree in a field 
related to cancer, three years of postdoctoral experience, and a strong 
publication record. 


Preferred qualifications: Candidates with experience in cancer research, 
experience using the latest technologies and funded grant support.(Only 
candidates with funded grant support will be considered for Associate 
Professor Rank.) 


A competitive salary, startup package, and comprehensive benefits are 
available. Interested candidates must apply online at website: http: 
//jobs.texastech.edu, requisition #80343-Assistant Professor and 
#81927-Associate Professor. 


For further information applicants may inquire confidentially to: Rajkumar 
Lakshmanaswamy Ph.D., e-mail: rajkumar.lakshmanaswamy 
@ttuhse.edu, Director of Basic Science Research for the Center 
of Excellence in Cancer Research. The position is open until filled. 
Application review will begin immediately. 


Texas Tech University Health Sciences Center is an 
Equal Opportunity/Affirmative Action Employer. 


online @sciencecareers.org 
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Manager 
Cell and Molecular Biology Ph.D. Program 
University of Texas at Austin 


The University of Texas at Austin seeks an Administrative Manager for its 
Cell and Molecular Biology (CMB) Ph.D. Program. The CMB Ph.D. Program 
recruits ~25 students annually and encompasses ~120 training faculty 
distributed over numerous departments on campus. We are seeking a MLS. 
or Ph.D. level Manager of the Program. The Manager will be responsible 
for collecting student and faculty data, and building an on-line repository of 
these data for use in preparing NIH and NSF training grant applications. The 
Manager will work with CMB faculty in writing and assembling NIH and 
NSF training grant applications. The Manager will also provide oversight 
of daily operations and staff for the CMB graduate program. Applicants 
should have an advanced degree in Cell and Molecular Biology or a closely 
related field, excellent communication and organization skills, a broad 
understanding of biology and knowledge of current standards for graduate 
training in biomedical sciences at peer institutions. 


Austin is located in the Texas hill country and is widely recognized as one 
of America’s most beautiful and livable cities. 


Candidates should apply directly for the position (12-07-13-01-9029) 
through the University of Texas at Austin Human Resources website: https: 
//utdirect.utexas.edu/apps/hr/jobs. 


To receive full consideration, applicants should submit all materials to the 
above site by September 15", 2012. 


Questions about the position should be directed to Dr. Jeff Gross, Chair of 
the CMB Graduate Studies Committee (jmgross@austin.utexas.edu). 


Homepages: http://www.icmb.utexas.eduandhttp://www.icmb.utexas.edu/ 
cmb/ 


The University of Texas at Austin is an Equal Opportunity Employer. 
Qualified women and minorities are encouraged to apply; a background 
check will be conducted on applicant selected. 


UF UNIVERSITY of 
FLORIDA 
Faculty Positions 


Department of Pharmacology and Therapeutics 
University of Florida, College of Medicine 


Applications are invited for two full-time, 12-month, tenure-track 
faculty positions, one at the rank of Assistant Professor and one at the 
rank of Associate or Full Professor. The Department of Pharmacology 
and Therapeutics provides a dynamic research environment with faculty 
actively engaged in research and drug discovery encompassing the fields 
of neuro- and cardiovascular pharmacology, obesity, diabetes, cancer 
chemotherapy, and the design and delivery of small molecular therapeutic 
agents. The successful candidates must hold a Ph.D. and/or M.D. degree 
and be accomplished scholars involved in productive research programs. 
Applicants for the junior position should have demonstrated research success 
and long-term research goals with the potential for an independent research 
career. Applicants for the senior position should have an established research 
program that is expected to continue productively and a strong record of 
extramural funding. The Department offers outstanding office, laboratory, 
and research facilities and a commitment to develop both positions to enhance 
the successful candidates’ full research potential. Successful applicants will 
also contribute to the professional and graduate teaching programs of the 
Department. Review of applications will begin October 1, 2012 and continue 
until the positions are filled. 


Applicants should submit their curriculum vitae, a statement of research 
interests, and 3-5 letters of reference to admin@pharmacology.ufl.edu or 
to Faculty Search Committee, Box 100267 Health Center, University of 
Florida College of Medicine, Gainesville, FL 32610-0267. 


The University of Florida is an Equal Opportunity Employer. The 
selection process will be conducted in accord with the provisions of 
Florida’ ‘Government in the Sunshine’ and Public Records Laws. 
Search committee meetings and interviews will be open to the public, and 
applications, resumes, and other documents related to the search will be 
available for public inspection. 


VANDERBILT UNIVERSITY 


TENURE-TRACK FACULTY 
POSITION IN BIOCHEMISTRY 


The Department of Biological Sciences at 
Vanderbilt University invites applications for 
a tenure-track faculty position in biochemistry 
at the rank of Assistant Professor. The ideal 
candidate will pursue innovative research that 
complements existing areas of strength in the 
department (http://sitemason.vanderbilt.edu/ 
biosci). We particularly encourage applications 
in the area of mechanistic biochemistry, includ- 
ing but not limited to single-molecule, chemi- 
cal biology, and structural methodologies. We 
welcome use of cross-disciplinary approaches 
that may include molecular, imaging and system 
analyses. The central criteria for the position are 
excellence in research and the ability to teach 
undergraduate and graduate students with a high 
level of effectiveness. 


Applicants should send a single PDF containing 
a letter of application, curriculum vitae, state- 
ment of current and future research interests, and 
evidence of teaching effectiveness to barbara. 
a.sidwell@vanderbilt.edu. Applicants should 
arrange for three letters of recommendation to 
be sent to the same address. Review of applicants 
will begin October 15, 2012, and will continue 
until the position has been filled. 


Vanderbilt University is an Affirmative 
Action/Equal Opportunity Employer. Women 
and under-represented minority candidates 
are especially encouraged to apply. 


VANDERBILT UNIVERSITY 


FACULTY POSITION IN 
DEVELOPMENTAL GENETICS 


The Department of Biological Sciences at 
Vanderbilt University seeks candidates to 
fill a tenure-track, assistant professor fac- 
ulty position in developmental genetics. 
Candidates will be considered in all areas 
of developmental biology using any genetic 
model. We desire candidates whose research 
broadly overlaps and complements existing 
areas of interest within the department (http: 
//sitemason.vanderbilt.edu/biosci). For infor- 
mation about developmental biology at Van- 
derbilt, see http://www.me.vanderbilt.edu/ 
devbio/. The central criteria for the position 
are excellence in research and the ability to 
teach undergraduate and graduate students 
with a high level of effectiveness. 


Applicants should send a single PDF 
containing a letter of application, curriculum 
vitae, statement of current and future research 
interests, and evidence of teaching effectiveness 
to barbara.a.sidwell@vanderbilt.edu. 
Applicants should arrange for three letters of 
recommendation to be sent to the same address. 
Review of applicants will begin October 15, 
2012, and will continue until the position has 
been filled. 


Vanderbilt University is an Affirmative 
Action/Equal Opportunity Employer. Women 
and under-represented minority candidates 
are especially encouraged to apply. 
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ECOLE POLYTECHNIQUE 
FEDERALE DE LAUSANNE 


As part of a major initiative, the Institute of Chemical Sci- 
ences and Engineering (ISIC) at EPFL invites applications 
for several faculty appointments in Chemical Engineering. 
Exceptional applicants with expertise in energy-related 
topics, including solar energy conversion, chemical, elec- 
trochemical and biochemical energy conversion, carbon 
capture and utilization, are especially encouraged to apply. 
Appointments at the Assistant Professor level (tenure 
track) are envisioned, but senior faculty levels (Associate/ 
Full) may also be considered. 


A PhD in Chemical Engineering or a related field and an 
excellent track record of innovative research and leader- 
ship are generally required. The successful candidate will 
be expected to establish and direct a vigorous, independent 
research program and be committed to excellence in teach- 
ing at both the undergraduate and graduate levels. 


Faculty Positions in Chemical Engineering 
at the Ecole polytechnique fédérale de Lausanne (EPFL) 


Applications including cover letter, curriculum vitae, publi- 
cations list, concise statements of research and teaching in- 
terests as well as the names and addresses (including email) 
of five references should be submitted in electronic format 
via the website http://sbpositions.epfl.ch/applications/ by 
October 15, 2012. 


The EPFL is consistently evaluated as one of the leading 
universities in science and engineering in Europe. We offer 
internationally competitive salaries, start-up resources and 
benefits. The EPFL aims for a strong presence of women 
amongst its faculty, and qualified female candidates are 
strongly encouraged to apply. More information about 
EPFL and the Institute of Chemical Sciences and Engi- 
neering can be found at: http://www.epfl.ch/ and http:// 
isic.epfl.ch. For additional information about this call for 
applications, please contact the director of the institute, 
Prof. Paul Dyson (paul.dyson@epfl.ch). 
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Discover the next breakthrough. 
Challenge the future of science. . 


BE PART OF THE FOUNDING FACULTY OF SCIENTISTS AND ENGINEERS 


online @sciencecareers.org 
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¢ The Singapore University of Technology and Design (SUTD), established in collaboration with the Massachusetts 
Institute of Technology (MIT), is seeking exceptional faculty members to lead its first batch of students. 


SUTD, the first university in the world with a focus on design accomplished through an integrated multi-disciplinary 
curriculum, has a mission to advance knowledge and nurture technically grounded leaders and innovators to serve 
societal needs. Design, as an academic discipline, cuts across the curriculum and is the framework for research and 
educational programmes. 


MIT’s collaboration with SUTD includes the development of new courses and curricula, assistance with the early 
deployment of courses in Singapore, faculty and student recruiting, student exchanges, mentoring, career development, 
and collaborating on major joint projects through a new international design centre. Newly hired SUTD faculty may 
spend up to a year at MIT in a specially tailored programme for collaboration and professional development. 
® 


FACULTY POSITIONS 
The qualifications for the faculty position include: an earned doctorate in Biology, 
Biomedical Sciences, Chemistry, Chemical Engineering, Physics and Mathematics, a strong 
commitment to teaching at the undergraduate and graduate levels, a demonstrated 

_ record of, or potential for scholarly research, and excellent communication skills. 


_ We invite applications for interdisciplinary faculty appointment at all levels, with many 
opportunities available in particular at the Assistant and Associate Professor levels. 
Duties include teaching of graduate and undergraduate students, research, supervision of 
student research, advising undergraduate student projects, and service to SUTD and the 
community. Faculty will be expected to develop and sustain a strong research 
programme. Attractive research grant opportunities are also available. 


= n= 


SINGAPORE UNIVERSITY OF 
TECHNOLOGY AND DESIGN 


Established in collaboration with MIT 


Successful candidates can look forward to internationally competitive remuneration, and 
assistance for relocation to Singapore. If you want to be part of the founding faculty that 
will shape the world of tomorrow, please apply to SUTD at www.sutd.edu.sg 


online @sciencecareers.org 
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POSTDOCTORAL OPPORTUNITIES 


e4 COCK 7) 


ASSOCIATE SERVICE FELLOW with 
CDC/NIOSH 

The National Institute for Occupational Safety 
and Health (NIOSH) invites applications for an 
Associate Service Fellow position to join its Tox- 
icology and Molecular Biology Branch (TMBB), 
in the Health Effects Laboratory Division. The 
NIOSH Health Effects Lab is studying the im- 
pact of occupational exposure to new and known 
fibrotic agents as it relates to health effects and 
risk evaluation. Work is being conducted in con- 
junction with goals related to the National Oc- 
cupational Research Agenda (NORA). Current 
studies include: (1) oxidative stress and signaling 
pathways leading to pulmonary fibrotic pathol- 
ogy; (2) biomarkers of exposure and toxicity; (3) 
receptor-mediated toxicity and protective response; 
and (4) molecular intervention of occupational 
fibrotic disease. The successful candidate should 
have a Ph.D. degree in Toxicology, Pharmacol- 
ogy, or a related biomedical field. Experience 
is needed in molecular, cellular, and small animal 
techniques. A general understanding of biomark- 
ers is desired. Candidates at an early or advanced 
stage of postdoctoral training are encouraged to 
apply. Salary is dependent upon academic degree 
and experience beginning at $57,408 per year. 
Send curriculum vitae and contact information 
of three references to: Dr. Qiang Ma CDC/ 
NIOSH/HELD/TMBB, 1095 Willowdale 
Road, MS 3014, Morgantown, WV 26505; 
e-mail: qam1 @cdc.gov. 

NIOSH is an Affirmative Action/Equal Opportunity 
Employer. 


POSTDOCTORAL FELLOWSHIPS 
Bioinformatics, Quantitative, and 
Statistical Genetics 


Mars, Incorporated, in collaboration with the 
USDA-ARS, has in progress a sustained genetic 
research/improvement program for Theobroma 
cacao L. We are offering three postdoctoral po- 
sitions (at least two years) at the USDA-ARS Sub- 
tropical Horticulture Research Station in Miami, 
Florida for highly skilled scientists in bioinfor- 
matics, quantitative, and statistical genetics. The 
successful candidates will be working in collabo- 
ration with cutting-edge genomics labs at Stanford, 
Indiana, and Clemson Universities. Collaboration 
with overseas research stations implementing 
genomic selection in their breeding programs is 
also anticipated. Research topics include the de- 
velopment of pipelines for the identification of 
genes/markers associated with agronomic traits 
using large whole genome and SNP data sets, 
transcriptome analysis for the identification of 
genes regulating oligogenic traits (such as self- 
incompatibility and fruit color) as well as the 
development of marker assisted and genomic 
selection strategies based on existing and simu- 
lated data. Extensive genomic, transcriptomic, and 
phenotypic data are already available for this 
project. Given the extensive data already available, 
these positions offer an excellent opportunity to 
the incumbents to publish numerous scientific 
papers; therefore, excellent written and oral com- 
munication skills are a must. 

Interested candidates should contact e-mail: 
juan.motamayor@effem.com. 

For more information on our research website: 
http://www.cacaogenomedb.org. 
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POSTDOCTORAL OPPORTUNITIES 


Argonne 


THE ARGONNE NAMED POSTDOCTORAL 
FELLOWSHIP PROGRAM 


Argonne National Laboratory is accepting applica- 
tions for the 2013 Named Postdoctoral Fellowship. 
Argonne awards these special postdoctoral fellow- 
ships internationally on an annual basis to outstanding 
doctoral-level scientists and engineers who are at early 
points in promising careers. The fellowships are named 
after scientific and technical luminaries who have been 
associated with Argonne and its predecessors, and the 
University of Chicago, since the 1940’s. 

Candidates for these fellowships must display superb 
ability in scientific or engineering research, and must 
show definite promise of becoming outstanding lead- 
ers in the research they pursue. Fellowships are awarded 
annually and may be renewed up to three years. The 
2013 fellowship carries a stipend of $80,000 per an- 
num with an additional allocation of up to $20,000 per 
annum for research support and travel. The deadline for 
submission of application materials is October 9, 2012. 

Applicants should identify an Argonne staff member 
to sponsor the nomination. The sponsor could be some- 
one who is already familiar with your research work and 
accomplishments through previous collaborations or 
professional societies. If you have not yet identified an 
Argonne sponsor, visit the detailed websites of the 
various Research Programs and Research Divisions 
at website: http://www.anl.gov. 

Applications must be submitted online through 
website: http://www.dep.anl.gov/Postdocs/ 
Namedpostdoc.htm. Supporting letters of recommen- 
dation submitted to e-mail: named-postdoc@anl.gov. 

All correspondence should be addressed to Argonne 
Named Postdoctoral Fellowship Program. One ap- 
plication is sufficient to be considered for all named 
fellowships. 

Argonne is an Equal Opportunity Employer and we value di- 
versity in our workforce. Argonne is a U.S. Department of Energy 
laboratory managed by UChicago Argonne, LLC. 


POSTDOCTRAL RESEARCH POSITIONS are 
available in the Department of Physiology School of 
Medicine to study the physiological genomics, molecu- 
lar signaling, and functional analysis of guanylyl cyclase/ 
natriuretic peptide receptor using in vivo or in vitro 
models. There are currently three main areas of research 
projects. The first project involves the characterization 
of genes in renal and cardiac hypertrophy/fibrosis using 
gene-targeted mouse models. The second focus is the 
transcriptional regulation by promoter analysis, EMSA, 
and CHIP using both in vitro and in vivo systems. The 
third focus is analyzing receptor dynamics, protein phos- 
phorylation, and molecular signaling using confocal 
and fluorescence microscopy in model cell systems. A 
strong background in biochemistry, molecular biology, 
and/or animal physiology is required. Individuals who 
are experienced using animal models, and in vivo or in 
vitro techniques are preferred. Successful applicants are 
expected to be motivated and have a vision for devel- 
oping independent research projects. Send a resume 
and a list of three references to: K.N. Pandey (e-mail: 
kpandey@tulane.edu), Tulane University Health Sci- 
ences Center, 1430 Tulane Avenue, New Orleans, 
LA 70112. Equal Opportunity /Affirmative Employer. 


POSTDOCTORAL OPPORTUNITIES in com- 
putational and systems biology in the Center for Ge- 
nome Dynamics at The Jackson Laboratory (website: 
http://www.genomedynamics.org). Center investi- 
gators use computation, mathematical modeling, and 
statistics to understand the genetics of complex traits. 
Requires Ph.D. (or equivalent) in quantitative field such 
as computer science, statistics, applied mathematics or 
in biological sciences with strong quantitative back- 
ground. Programming experience recommended. More 
details at website: http://www.jax.org/careers (Job 
ID 2311). The Jackson Laboratory is an Equal Opportunity 
Employer/Affirmative Action Employer. 


POSITIONS OPEN 


Wisc brsin 
ASSISTANT PROFESSOR 
PLANT PHYSIOLOGICAL ECOLOGY 
General Announcement 


PVL #74457 
University of Wisconsin — Madison 


The Department of Botany, University of Wisconsin — 
Madison (UW-Madison) invites applications for a 
tenure-track faculty position in plant physiological ecol- 
ogy at the Assistant Professor level with an appointment 
to begin August 2013. We seek candidates capable of 
performing cutting-edge research on photosynthesis, 
adaptations for energy capture, hydraulic integration, 
comparative biology, below ground processes, or global 
change, associated with vascular or non-vascular plants. 
The successful candidate will be expected to develop a 
vigorous extramurally funded research program, con- 
tribute to biological instruction (likely including part 
of an undergraduate introductory biology course and a 
graduate course in plant physiological ecology), par- 
ticipate in a vibrant and collegial plant ecology group, 
and perform service important to the university and 
profession. 

Applicants should have a Ph. D. in biology, ecology, 
botany, plant physiology, global change, or related 
field, with expertise in plant physiological ecology. A 
strong research background and experience in teaching 
and mentoring are required. Applications should be 
sent as a single PDF that includes a cover letter referenc- 
ing position vacancy listing PVL#74457 (website: 
http://www.ohr.wisc.edu/WebListing/ Unclassified / 
PVLSummary.aspx?pvl_num=74457), curriculum vitae, 
a research plan and a statement of teaching philosophy 
and interests. Please have three electronic letters of sup- 
port sent directly to the search committee. All materials 
should be sent electronically to Plant Physiological Ecol- 
ogy Search Committee (e-mail: plantecophysiology@ 
botany.wisc.edu). To ensure full consideration, appli- 
cation material must be received by October 15, 2012. A 
criminal background check will be required prior to the 
start of employment. Additional information regard- 
ing this appointment can be seen at website: http:// 
www.botany.wisc.edu/plantecophysiologist.htm. 

JW-Madison is an Equal Opportunity /Affirmative action 
Employer. We promote excellence through diversity and encourage 
all qualified individuals to apply. 


ASSISTANT PROFESSOR-ALL AREAS 
Princeton University 
Department of Chemistry 


The Department of Chemistry at Princeton University 
invites applications for a tenure-track Assistant Professor 
position in all areas of chemistry. Candidates should 
have a strong commitment to research and to teaching 
at the undergraduate and graduate levels, and are ex- 
pected to have completed the Ph.D. in chemistry or a 
related field at the time of appointment. Applicants 
should submit a description of research interests, cur- 
riculum vitae, a list of publications, and contact infor- 
mation for three references online at website: http:// 
jobs. princeton.edu /applicants /Central?quickFind= 
62756. The search committee will begin review of ap- 
plications on October 17, 2012 and will continue until 
the position is filled. 

Princeton University is an Equal Opportunity Employer and 
complies with applicable EEO and Affirmative Action regulations. 


POSTDOCTORAL OPPORTUNITIES 


POSTDOCTORAL OPENINGS at 


The Pennsylvania State University 


Positions available immediately for a new collab- 
orative project at the interface of Biochemistry, Cel- 
lular Biology, and Micro/Nanotechnology in the 
Stephen Benkovic (website: http://sites.psu.edu/ 
benkoviclab/) and Tony Huang (website: http:// 
www.esm.psu.edu/huang/) Labs. Highly qualified 
Ph.D. applicants should submit a cover letter, curric- 
ulum vitae, and three reference letters to Sharon Devlin 
at e-mail: skd109@psu.edu. 
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NIH Intramural Research Program is Recruiting 
Tenure-Track “Earl Stadtman Investigators” 


We are actively searching for Neuroscientists 


The National Institutes of Health, the U.S. government’s premier biomedical and behavioral research enterprise, is pleased to announce its fourth 
annual call for “NIH Earl Stadtman Investigators.” The Intramural Research Programs of NINDS, NIMH, NIDCD, NIDA, NICHD, NEI, NIAAA, 
NIDCR, NHGRI, NIA and NCCAM together form one of the largest and most active neuroscience communities in the world consisting of a diverse 
group of investigators with a wide range of interests. With phase two of the Porter Neuroscience Research Center on the NIH Bethesda campus slated 
for completion in 2013 this community of researchers will become increasingly integrated in this state-of-the-art research facility. Information about 
the NIH neuroscience community can be found at neuroscience.nih.gov. Some of the Institutes with neuroscience programs are actively searching 
for outstanding neuroscientists. We encourage tenure track candidates in all areas of basic, translational and clinical neuroscience to apply for the 
“NIH Earl Stadtman” search. 


Among the NIH Intramural Research Program’s approximately 1,200 principal investigators and 4,000 trainees are world renowned experts in basic, 
translational and clinical research. The program also includes the NIH Clinical Center, the world’s largest hospital entirely devoted to biomedical 
research. Similar to academia, we offer our scientists the opportunity to mentor outstanding trainees at all levels (e.g., graduate students and 
postdoctoral fellows) in a research setting. Join the team whose hallmarks are stable funding, intellectual freedom, shared resources, and access to 
a broad range of scientific expertise. Scientific discoveries from our intramural laboratories, with their extensive infrastructure and critical mass of 
expertise, have a crucial role in both maintaining America’s research excellence and advancing medical treatments and cures. More information 
about the NIH Intramural Research Program can be found at irp.nih.gov. 


QUALIFICATIONS/ELIGIBILITY: Candidates must have a Ph.D., M.D., D.D.S./D.M.D., D.V.M, D.O., R.N./Ph.D., or equivalent doctoral 
degree and have an outstanding record of research accomplishments as evidenced by publications in major peer-reviewed journals. Applicants may 
be in early stages of their research careers or non-tenured early-to-mid career scientists. Appointees may be U.S. citizens, resident aliens, or non- 
resident aliens with, or eligible to obtain, a valid employment-authorization visa. 


HOW TO APPLY: Applicants must submit a CV, a three-page research plan, a one page description of their vision for future research and its 
potential impact, and contact information for three professional references through our online application system at http://irp.nih.gov/stadtman 
between August 1 and October 1, 2012. Requests for letters of recommendation will be sent to your references when you submit your application. 
We cannot accept paper applications. 
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DHHS and NIH are Equal Opportunity Employers. The NIH is dedicated to 
building a diverse community in its training and employment programs. 
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Department of Molecular and Clinical Pharmacology 


C a U Se experts. and MRC Cenire for Drug Safety Science 
e 


2 Junior/Senior Research Group Leaders 


www. £37,012 - £59,304 pa 


sciencecareers.org The University of Liverpool invites applications for 2 Research Group Leaders at 
: Lecturer or Senior Lecturer level, based in the Department of Molecular and Clinical 
Job Postings Pharmacology and prestigious MRC Centre for Drug Safety Science. You will be 


J ob Alerts considered in the fields of Molecular Pharmacology/ Toxicology, Cancer 
Pharmacology, Pharmacometrics and Systems Biology. 


Resume/CV These posts are part of the University’s continued and significant commitment to 
Database the MRC Centre. The Centre provides fundamental mechanistic insight into 
clinically important adverse drug reactions to allow for safer drug design and more 
Career Advice informed patient care. Candidates for each post must be outstanding individuals 
with developing track records. Attractive support packages will be available 
Career Forum together with high quality laboratory research space. 


Job Ref: A-580279/S Closing Date: 14 September 2012 


For full details, or to request an application pack, visit 
www.liv.ac.uk/working/job_vacancies/ or e-mail jobs@liv.ac.uk 
Please quote job ref in all enquiries. 
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POSITIONS OPEN 


UCF50 


gains 


MARINE TURTLE BIOLOGIST 
Faculty Position 


The Department of Biology at the University of 


Central Florida (UCF) invites applications for an open 
rank, tenure earning or tenured position with prefer- 
ence toward the ASSOCIATE or FULL PROFES- 
SOR rank. 

Successful candidates must have a Ph.D. in a rel- 
evant field and a demonstrated ability to establish and 
maintain a vigorous, extramurally funded research pro- 
gram in marine turtle biology. The candidate is expected 
to continue the legacy of the UCF Marine Turtle Re- 
search Group at Archie Carr National Wildlife Refuge 
(ACNWR) and environs, which have the highest nest- 
ing densities of green turtles in the continental United 
States and loggerheads in the Western Hemisphere. As a 
faculty member, s/he will contribute to the UCF Ph.D. 
Program in Conservation Biology and M.S. programs in 
Biology, and teach graduate and undergraduate courses. 

UCE has a strong research emphasis and provides 
competitive startup funds and teaching loads. Applicants 
must complete an online job application at website: 
http://www.jobswithucf.com for position #37397 
and separately send a single PDF document that in- 
cludes a letter of intent, curriculum vitae, and statements 
of research plans and teaching philosophy to e-mail: 
bio-search@ucf.edu. The statement of research must 
explain how the applicant’s research will incorporate 
the coastal resources of east-central Florida and com- 
plement the expertise of UCF faculty (see website: 
biology.cos.ucf.edu). The applicant also must arrange 
to have three letters of reference electronically sent to 
e-mail: bio-search@ucf.edu. 

Review of applications will begin September 24, 
2012 with an anticipated start date of August 2013. 
The University of Central Florida is an Affirmative Action/Equal 
Opportunity Employer. Minorities and women are encouraged to 
apply. As an agency of the State of Florida, all application mate- 
rials and selection procedures are available for public review. 


THREE OPEN FACULTY POSITIONS 
Boston College 
Chemistry Department 


The Chemistry Department of Boston College in- 
vites applications for three tenure-track positions to be 
effective in the Fall of 2013. Applicants will be evaluated 
based on their potential to establish a prominent and 
well-funded research program and to excel in teaching at 
the graduate and undergraduate levels. Successful appli- 
cants will join a department of approximately 120 doc- 
toral students, 30 postdoctoral fellows, 200 undergraduate 
majors, and an internationally recognized faculty. 

ASSISTANT PROFESSORS in the areas of (broad- 
ly defined) Chemical Biology, Organic Chemistry, and 
Physical/Materials Chemistry: requires a Ph.D. in Chem- 
istry or related areas; postdoctoral experience is desirable 
but not required. The candidate is expected to have pub- 
lished in top-referenced journals and demonstrated the 
ability to perform outstanding independent research. 

Applicants must submit in one transmission in the 
form of PDF files to e-mails: orgchemsearch@bc.edu, 
chembiosearch@bc.edu, or pchemsearch@bc.edu: a 
cover letter, a graphical executive summary of research 
plans (one page), a curriculum vitae, a summary of re- 
search plans (eight pages maximum), "and a statement of 
teaching philosophy. In the cover letter, the names of 
three references should be specified. Applicants should 
arrange to have three letters of reference in the PDF for- 
mat transmitted to e-mails: orgchemsearch@bc.edu, 
chembiosearch@bc.edu, or pchemsearch@bc.edu; 
original copies of the letters may be requested by the 
department. 

All application materials must be submitted elec- 
tronically on or prior to 15 October 2012. 

Boston College, a university of eight schools and colleges, is an 
Equal Opportunity Employer and supports Affirmative Action. 
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ASSISTANT PROFESSOR 
Biological Chemistry The Johns Hopkins 
University School of Medicine 


The Department of Biological Chemistry at The 
Johns Hopkins University School of Medicine invites 
applications for a new tenure-track faculty position at 
the Assistant Professor level. The Department is seek- 
ing candidates with an outstanding record in any area 
of biochemistry, cellular, or molecular biology and a 
commitment to excellence in research and teaching. 
Applicants should submit (preferably, as a single PDF 


file) curriculum vitae, list of publications, summary of 


research accomplishments, and a description of their 
future research plans by October 31, 2012. Electronic 
files should be sent to e-mail: bcfacultyrecruitment@ 
jhu.edu. Applicants should also request that three 
letters of recommendation be sent electronically or to 
the address below: 


Gerald W. Hart, Ph.D. 
Faculty Search Committee Chair 
C/O Ms. Angelina Hines 
Department of Biological Chemistry 
The Johns Hopkins University 
School of Medicine 
725 North Wolfe Street 
Baltimore, MD 21205-2185 


Equal Opportunity /Affirmative Action Employer. 


DUKE UNIVERSITY 
Durham, North Carolina 


The Department of Chemistry invites applications for 
a regular rank, non-tenure-track Professor of the Prac- 
tice position to begin July 1, 2013. The Professor of the 
Practice track at Duke is parallel to the tenure track, em- 
phasizing teaching and pedagogy. This is a term appoint- 
ment (four year initial term, renewable upon review), 
and affords the possibility for promotion to the Asso- 
ciate and Full Professor of the Practice level. We seek 
candidates with demonstrated excellence in teaching 
and a background in chemical education. The position 
would involve teaching at the undergraduate level, in- 
cluding introductory chemistry courses, and helping 
lead ongoing efforts to revise and improve our under- 
graduate chemistry curriculum and to implement new, 
student-centered teaching methodologies. A Ph.D. is 
required. Applicants at all levels (ASSISTANT, ASSO- 
CIATE, and FULL PROFESSOR OF THE PRAC- 
TICE) will be considered. Applicants should submit 
a cover letter and curriculum vitae in PDF format to 
e-mail: popsearch@chem.duke.edu. Applicants at the 
Associate and Full Professor of the Practice levels should 
include names and contact information for three ref- 
erences along with their application, whereas applicants 
at the Assistant Professor of the Practice Level should 
submit three letters of reference in PDF format to the 
above address. Applications received by November 15, 
2012 will be guaranteed consideration. Duke University 
prohibits discrimination and harassment, and provides Equal Em- 
ployment Opportunity without regard to race, color, religion, national 
origin, disability, veteran status, sexual orientation, gender iden- 
tity, sex, or age. Duke is conunitted to recruiting, hiring, and pro- 
moting qualified minorities, women, individuals with disabilities, 
and veterans. 


ASSISTANT PROFESSOR of 


Biological Sciences 


The Smith College Department of Biological Sci- 
ences invites applications for a full-time, tenure-track 
Assistant Professor in structural cell biology beginning 
July 1, 2013. We seek candidates with a strong com- 
mitment to undergraduate education and an active 
research program that focuses on cell biology utilizing 
microscopy. A Ph.D. is required; teaching and/or post- 
doctoral experience is preferred. For more information 
and to apply, visit website: http://www.smith.edu/ 
deanoffaculty/facultypositions.html. Application 
deadline is October 1, 2012. Sinith College is an Equal Op- 
portunity Employer encouraging excellence through diversity. 


POSITIONS OPEN 
GENETICIST 


The Department of Biology of the College of the 
Holy Cross seeks a broadly trained geneticist for ap- 
pointment as a tenure-track ASSISTANT PROFES- 
SOR beginning in August 2013. A Ph.D. is required at 
the time of appointment and postdoctoral experience is 
desirable. Candidates must demonstrate commitment 
to, and excellence in, undergraduate teaching as well as 
scholarly achievement, and propose a research program 
involving undergraduates. This position carries a 3-2 
teaching load. The appointee will be expected to devel- 
op an intermediate-level course with laboratory in ge- 
netics, to participate in teaching at the introductory level 
to majors and non-majors, and to participate in other 
teaching in the department and college. 

Please submit applications via the Interfolio academic 
dossier service. These will include a cover letter, curric- 
ulum vitae, statements describing research and teach- 
ing interests, official academic transcripts and copies of 
publications. The candidate will also arrange for three 
letters of recommendation to be submitted via Interfolio 
before the deadline date of 15 October 2012. 

For detailed information on the position and appli- 
cation procedure, candidates are urged to consult the 
webpage found at the Biology Department’s website: 
http: //academics.holycross.edu/biology /genetics_ 
tenure-track_hire. 

The College of the Holy Cross is a highly selective 
Catholic liberal arts college in the Jesuit tradition. It en- 
rolls about 2,700 students and is located in a medium- 
sized city 45 miles west of Boston. The College seeks 
faculty members whose scholarship, teaching, advis- 
ing, and on- and off-campus service demonstrate com- 
mitment to the educational benefits of a richly diverse 
community. Holy Cross aspires to meet the needs of 
dual-career couples, in part through its membership in 
the Colleges of Worcester Consortium (website: http:// 
www.cowc.org) and the New England Higher Educa- 
tion Recruitment Consortium (website: http://www. 
newenglandherc.org). 

The College is an Equal Employment Opportunity Employer 
and complies with all Federal and Massachusetts laws concerning 
equal opportunity and affirmative action in the workplace. 


YALE UNIVERSITY 
Department Of Chemistry 


The Department of Chemistry at Yale University in- 
vites applications for multiple tenure-track positions 
at the ASSISTANT PROFESSOR level to commence 
1 July 2013. We seek creative teacher-scholars who show 
promise for developing outstanding research programs 
and we will consider applications in any area of chem- 
istry. Applicants should send their curriculum vitae, a 
statement of research plans, and arrange for the sub- 
mission of three letters of recommendation. Please sub- 
mit all material to Academic Jobs Online at website: 
https://academicjobsonline.org/ajo/Yale. A re- 
view of applications will begin 19 September 2012. 

Yale University is an Equal Opportunity/Affirmative Action 
Employer and applications from women and underrepresented mi- 
nority group members are especially encouraged. 


POSTDOCTORAL OPPORTUNITIES 
POSTDOCTORAL FELLOW POSITION 


University of Alabama at Birmingham, Birmingham 
Alabama, USA, in a state-of-the-art laboratory (website: 
http:/ /neph. dom.uab.edu/gdtl/) to study molecular 
mechanisms of kidney/glomerular disease (Nature Medi- 
cine 17:117-122, 2011). No postdoctoral training after 
Ph.D. or experience in kidney disease research required. 
Commitment to science and academia are necessary. 
Electronically send curriculum vitae to e-mail: chugh@ 
uab.edu. 
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